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INTRODUCTION 
The prime importance of in£ormation on heat transfer 
to engineering research~ design~ and operation particularly 
in the chemical and mechanical engineering fields is with-
out question; examination of lists of the dozens of books 
and hundreds of articles in engineering literature on this 
subject and appreciation of the tremendous amount of t~e 
and work they represent is ample confirmation of the verity 
of this statement. 
Within this rather extensive field of study, ·transfer 
of heat through fluid films and heat transfer during the 
condensation process have been the subject of considerable 
thought and investigation both from a theoretical stand-
point and with the aim of collecting data on specific 
systems to aid the design and construction of equipment in 
which heat transfer is involved. 
As the result of attempts to correlate the data col-
lected in these investigations equations of varying com-
plexity and reliability have been developed to express the 
thermal conductivity of stagnant interfacial and condensing 
fluid fi1ms. i.e.--heat transfer coefficients, in terms of 
the various properties of the systems in which these fi1ms 
occur. The work of Dittus and Boelter112 , Morris and 
1 Dittus, F. W., Univ. Calif. Pub. Eng. £, 371-397 (1929). 
2 Dittus, F. W. and Boelter, L. M. K., Univ. Calif. Pub. 
Eng.~~ 443-461 (1930). 
Whitmana in the realm or heating and cooling or rluids in 
pipes, etc., Nusselt• and Colburn 5 ror filmwise condensation 
and Fatica and Katz 6 for dropwise condensation are examples 
or this type of activity. Each of these and related postula-
tions has been accompanied and followed by a large number 
of experimental investigations and correlations attempting 
2 
to extend the ~ount of data on which it is based and to check 
and improve the fit to actual data. Although reasonable 
success in these endeavors has been enjoyed in regard to 
heating and cooling of liquids and gases, and ri1mwise con-
densation, dropwise condensation design equations are a . 
rarity and those correlations available are rather complex. 
Determinations or rilm coerricients and other data on speciric 
systems and conditions or condensation become all the more 
~portant with a lack of overall correlation. Securing or 
such information for silicone promoted dropwise condensation 
was one or the main purposes for the undertaking described 
herewith. Another is the evaluation of silicone preparations 
as promoters particularly as to lire, quantity required, 
thermal resistance of the promoter film in comparison with 
other promoters and between individual silicone preparations. 
3 Morris~ F. H. and Whitman, W. G., Ind. Eng. Chem. 20, 
23~(1928). -
6 Nusselt, w., Zeitschri.ft des Vereines deutscher Ingenieure £2, 541, 569 (1916). 
5 Colburn, A. P., Tr. Am. Inst. Cham. Eng. 29, 174 (1933). 
8 
Fatica, N. and Katz, D. L., Chem. Eng. Prog. ~' 661-674 (1949). 
The phenomenum o£ dropwise condensation has not be-
come a common one in industrial practive for a number o£ 
reasons, namely, the d1£riculty in maintaining the activity 
3 
o£ the promoter without frequent makeup because of impermanent 
attachment and volatility, the difficulty in finding sub-
stances which are extremely nonwettable by the condensing 
vapors in thin films and will form tenacious bonds with the 
tube surface, and the roughness o£ commercial heat exchange 
sur£aces 7 • The properties of silicone rilms plus their ease 
of application seem to point to them as one solution to the 
promoter phase of the problem. 
The sizable decrease in resistance to flow of heat (one 
tenth to one twentieth that of film) due to dropwise con-
densation, fully utilized by proper design of equipment, can 
effect considerable reductions in size and, hence, cost or 
equipment, and can accelerate the flow of heat in a given 
apparatus if this mode of condensation is maintained. 
7 Ibid, p. 673. 
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Review or the Literature 
A tremendous ~ount of material has been written on the 
process o£ condensation of vapors. Theories of condensation 
and their proof have been the subject of experiment and comment 
in the literature since the late 1880's. The great majority 
or this work has been or a physical chemical nature, particu-
larly in cloud chwmber development concerning the formation of 
fogs and dew deposits from moist air. In most cases it has 
little connection with engineering work other than in theory. 
Since the study reported in this thesis is not directly con-
cerned with development or rerutation or condensation theory, 
no attempt will be made to summarize all articles on the sub-
ject since the reading of them alone was a major task and their 
inclusion is not essential to the discussion of the problem. 
All available articles on dropwise condensation as well as any 
others pertinent to the experimental procedure or calculations 
are included. 
The first quantitative engineering appraisal of the con-
densation process of note was a paper by Nusselt 6 outlining 
the derivation of equations for the calculation of coefficients 
of heat transfer for filmwise condensation from the laws of 
laminar flow of fluid films and heat flow through them. 
Various situations of ste~ condition (saturated or superheated), 
steam velocity, and shape of cooling surface were considered. 
8 Nusselt, W., £E• ~., p. 544. 
The expression which Nusselt developed for steam essentially 
stationary to the axes o£ single vertical tubes was (in the 
nomenclature of this thesis. See Appendix 1.) 
!fAt' Lt (Tsv-Ts) 
= temperature of the saturated vapor~ 
= temperature of the surface 
5 
A large number of experiments have been conducted to verify 
Nusselt's equation. McAdams&JO summarizing the results of a 
number of investigators working with vertical tubes and plates 
concluded that for values of ~I'~f (where~ represents mass 
flow of condensate from the lowest point of the condensing sur-
face divided by the perimeter or breadth of the surface at 
that point) of less than 2100 the preferable equation should 
take the form, 
h-lm 
the latter form being equivalent to the first. This increase 
over the theoretical constant was made because the experimental 
data considered were almost without exception above the theo-
retical values and the average of the most reliable data was 
about 28 per cent above theoretical. 
8 
McAdams, W. H. Trans. Am. Inst. Chem. Engrs. 36, 1-20 (1940). 
10 M 
cAda.ms, W. H., "Heat Transmission" 1 McGraw-Hill~ N.Y. ( 1942) 1 p. 268. 
Shea and Kraus 11 , working with £lat plate condensers of 
rather short length (1/3 to 1/2 foot) and claiming accuracies 
6 
o£ measurement of 5 per cent max~um error and average deviation 
of 2 per cent, round the Nusselt relation accurately predicts 
the theoretical change in ~ with length of tube and mean tem-
perature difference. Their values were consistently about 
10 per cent high for these short sections. Steam velocity for 
these measurements was nearly zero. 
Certain anomalies in agreement between Nusselt and experi-
mental values for tubes in which 4I/~~ exceeds 2100 (namely 
increase or constancy of hrm with length rather than a decrease, 
plus consistent high values or hr,m over theoretical) observed 
12 1~ 1~ 
by Jakob, Eck, and Erk , Kirkbride , Colburn , and others 
have been attributed to turbulent flow of the condensate film 
which decreases the fiLm thickness and invalidates the assump-
tion or laminar flow in the Nusselt derivation. The latter 
two authors mentioned have proposed alternate equations of 
empirical or semi-theoretical derivation for calculation or 
h~ under these conditions. 
Since the tubes and conditions dealt with in this work 
give 4Jr~~ values in the range 20 to 50, these considerations 
11 
Shea and Kraus, Trans • . tm. Inst Chem. Engrs. ~~ 463-487 (1940). 
1a 
Jakob, M., Mech. Eng.~, 733-36 (1936). 
1
a Kirkbride, C. G., . Trans. Am. Inst. Chem. Engrs. 30, 170-
186 (1933-34). 
16 c 
olburn, A. P., Trans.Am.Inst.Chem.Engrs. J£, 187-193 (1933-34). 
are of little concern and will not be elaborated further. 
Apparently little attention was paid to the mode of 
condensation in early investigations since mention of this 
in the literature prior to the work of Schmidt, Schurig, and 
Sellschop15 # the pioneer workers in the rield of dropwise 
condensation# was practically nil, and certainly the full 
significance especially in regard to the thermal resistance 
of the films was not appreciated. W. K. Lewis 16 in 1928# 
studying the cooling or a gas containing condensing vapors 
(steam-air mixtures of various dew points) encountered heat 
transfer coefficients 10 times those predicted from theory. 
He explained these on the basis that the latent heat of the 
condensing gas did not have to be transferred through the 
7 
air film. However, considering the relatively high resistance 
of the water film, it is doubtful if the discrepancy could 
be explained entirely on this basis. It is quite possible 
that dropwise condensation was at least partly the cause of 
the discrepancy. Jakob and Eck17 in 1928 reported that tin 
plated tubes (no special treatment) experienced a transition 
from dropwise to film condensation but no mention was made o~ 
variations in rate of heat transfer. 
The first detailed and quantitative study of dropwise con-
densation was reported in the aforementioned paper by Schmidt, 
16 . 
Schmidt, E.# Sehurig, w., and Sellschopp, w., Tech. Mech. 
Thermodynamik 1, 53 (1930). 
1e L 
ewis, W. K., Amer. Gas J. 128 No.3# 42-4 (1928). 
1? 
Jakob, M., and Erk, H., Forsch. Gebiete Ingenieurw. 310,1 (1928). 
8 
Schurig, and Sellschopp1 e. These workers condensed steam on 
a vertical copper disk 1 mm thick by 15 em in diameter. The 
coolant side was cooled by a high velocity jet o£ water di-
rected against the center of the plate by a calibrated nozzle 
3.9 mm in diameter. The rest of the steam chest was constructed 
of glass so that the surface might be observed and photographed. 
The effective heat transfer area was 13.4 mm in diameter. The 
special method of cooling permitted a more sensitive measure-
ment of the steam side coefficient becatise of the decreased 
water side coefficient. No collection of condensate was made. 
The heat flux was determined from the cooling water temperature 
rise. These temperature increases were very small, usually 
about J°C. Plate temperatures were read on the water side by 
a movable copper-constantan thermocouple. A number of runs 
were made after various treatments of the copper plate, in-
cluding etching with hydrochloric acid and zinc chloride, 
polishing (conditions not specified), application of kerosene, 
exposure to contaminated steam, and chromium plating. They 
summarized their observations by stating that film condensation 
was obtained on dirty surfaces and surfaces roughened by etching 
and dropwise condensation was produced on clean and smooth sur-
faces. The heat transfer coefficients obtained for film con-
densation were slightly higher but in rairly close agreement 
with the Nusselt equation. Dropwise coerricients were 5 to 7 
18 
Schmidt, E., Schurig, w., and Sellschopp, w., ~· ~·~ p. 53. 
9 
times the Nusselt value. Very high condensation rates were 
obtained because o£ the decreased water side resistance inherent 
in the construction of the apparatus. 
H. J. Spoelstra~~ conducted a number of very comprehensive 
investigations to explain a number o£ anomalies in heat trans-
fer results obtained in Javanese sugar mills. Experiments 
with sample tubes from the mills showed increased resistance 
to heat flow after cleaning and degreasing, or simply degreas-
ing. Spoelstra constructed two experimental evaporators having 
single vertical tubes, water inside and recirculated from a 
reservoir. The tubes were surrounded by steam jackets over 
100 em of their length. Similar results to those outlined 
above were obtained when the tubes were initially slightly 
£oulad and slightly oily. Increased coe£ficients were ob-
tained in most cases when small amounts of oil were injected 
into the steam except for extremely pitted tubes or degreased 
tubes having heavy scale. 
Spoelstra first attributed this behavior to more rapid 
removal o£ condensate, but after the appearance of the work 
of Schurig and associates and further tests with glass wall 
steam chests (10 em. long specLmen tubes were inserted as cold 
fingers into flasks in which small quantities of water were 
boiling), he concluded that these e.ffects were due to changes 
in modes of condensation. Spoelstra reported that polished 
tubes (no polishing details) gave dropwise condensation. He 
~e 
Spoelstra, H. J., Arch. Suikerind. in Neder. Indie, Part 
III No. £1, 905-956 (1931). 
10 
summarized his investigations as ~ollows: 
1. Clean copper or brass tubesl film 1 dropwise 1 or mixed 
condensation, difficult to predict; rough or corroded 
(need not be visible) tubes tend toward film 1 smooth 
well-polished toward dropwise. 
2. Clean tubes can be changed from dropwise to film con-
densation by scouring with emery cloth (blamed on fine 
scratches). 
3. Tubas with porous (oil-free) scale: film condensation 
may be changed to dropwise by oil addition if not too 
thick and rough. 
4. Strongly fouled tubes: fi~ condensation (oil usually 
does not help). 
5 • . Various degrees of dropwise condensation were recog-
nized. The finest was generally found on very smooth 
and oily surfaces. 
6. With pure dropwise condensation1 the flow of condensate 
is considerably better than with film condensation. 
The latter seems always controlled by the roughness of 
the surface and the larger or smaller tendency for 
water to stick. 
Sight glasses were installed in the long steam chests and 
increases and decreases in the overall coefficient were noted 
corresponding to observed appearance or disappearance of drop-
wise type condensation on the evaporator tubes. 
11 
An indication or the pitralls encountered in making 
assumptions without experimental support in this field of 
study may be drawn rrom the conclusion made by R. P. Tobin
20
• 
published the same year as Spoelstra's results, that oil in 
steam reduces heat transrer. He assumed that the oil rilm 
on the condenser tube introduced an additional resistance to 
the rlow of heat. 
Roecke, working with an experimental evaporator consisting 
of a steam jacketed vertical tube 4.1 feet long and 2.09 inches 
in diameter (metal not speciried), obtained dropwise conden-
sation even after scouring the tube with very fine emery cloth. 
Film type condensation was obtained after washing the tube for 
56 hours with carbon tetrachloride. This work, reported by 
Jakob21 , . produced individual dropwise film coefficients agreeing 
with those obtained by Schmidt, Schurig, and. Sellschopp. Film 
type condensation film coef'fic:tents were also obtained (both 
film coefficients evaluated by measuring tube wall temperatures), 
and superheated steam was observed to condense in the dropwise 
mode with flatter, more slowly growing drops; the rate of heat 
transfer wa.s lower than that for saturated steam. The tube 
surface of the apparatus used was observed, illuminated, and 
photographed through sight glasses placed in the walls of the 
steam chest. 
210 Tobin, R. P., Heating, Piping, Air Conditioning 1 1 1029 (1931). 
21 J akob, M., Zeit. Ver. deut. Ing. 76, 897, 1161 {1932). 
12 
Jakob22 in a paper published in 1932 surmised that drop-
wise condensation perhaps always occurs on oily, non-wettable 
surfaces, film condensation on rough surfaces, and that either 
type might occur on smooth clean surfaces. He also conjectured 
on the basis of some qualitative measurements that sterum 
velocity and direction might be important in determining the 
type of condensation, film condensation occuring when the 
steam flowed parallel to the condensing surface at high velo-
cities, and mixed condensation being predominant at low steam 
velocities. 
The statement that dropwise condensation is a function of 
the surface tension and the mass rate of condensation per unit 
area was made by C. G. Kirkbride2 ~. He based this conclusion 
on the fact that liquids like gasoline form condensate films 
at the lower condensation rates because of their low surface 
tension (his analysis) but water and aniline will form drops 
due to their high surface tension. He stated that by increas-
ing the condensation rates of steam and aniline they can be 
made to condense as a film on the tube. 
Nagle and Drew24 , drawn into the study of dropwise con-
densation by the abnormal results which they obtained in a 
88 Jakob, M., Zeit. Ver. deut. Ing. 76, 1161 (1932). 
aa K irk bride, C. G., Ind. Eng. Chem. ~' 1324 ( 1933) • 
a• Nagle, W M d Dr T • • an ew, • B., Trans. Am. Inst. Cham. Engrs. 22· 217-55 (1933-1934). 
13 
falling £11m condenser constructed at the Massachusetts Insti-
tute o£ Technology, attempted to bring some order to the chaos 
caused by the many and :rrequently con£licting statements as to 
the c·auses and conditions which produce dropwise condensation. 
In this and a subsequent paper28 the work o£ previous experi-
menters was reviewed and summarized in the £ollowing four 
generalizations: 
1. I£ oily substances are present, dropwise condensation 
is to be expected on clean or d ·irty, smooth and 
moderately rough surfaces. 
2. Except possibly with very smooth sur:races, film 
condensation is to be associated with freedom £rom 
oil. 
). Very smooth, or polished, surfaces show a tendency 
to induce dropwise condensation without the known 
presence of oil. 
4. FiLm condensation can occur on very rough or very 
foul surfaces even if coated with oil or fatty acids. 
A series o£ experiments were described which placed them in 
agreement with points 1, 2, and 4, but disproved statement 3 
at least within the range or sur:races studied. They round 
that even polished surfaces properly cleaned exhibited £11m 
type condensation, and attributed the results o:r earlier workers 
to minute quantities o£ steam borne contaminants or insuf-
ficiently cleaning or surfaces. Very small amounts of certain 
26 Dr 
ew, T. B., Nagle, w. M., and Smith, w. Q., Trans. Am. 
Inst. Chem. Engrs. J!, 605-20 (1934-5). 
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substances are sufficient to promote dropwise condensation on 
very smooth or polished surfaces. Their observations on the 
promotion of dropwise condensation may be summarized as follows: 
1. For all metals, mineral oils are ineffective or only 
slightly effective in promoting dropwise condensation. 
2. For all metals, the higher ratty acids are very ef-
fective. Beeswax and the fatty binders in the com-
mercial emery and Tripoli buffing compounds at hand 
acted similarly. 
3. Mercaptans, xanthates, and dithiophosphates are very 
effective on copper and copper alloys. 
4-. For all metals, the alcohols, organic nitrogen com-
pounds, and organic halides tried are ineffective or 
_only slightly effective. 
5. Mild steel and aluminum could not be effectively treated 
to maintain dropwise condensation, although it could be 
procured temporarily on fresh surfaces by treatment 
with fatty acids. 
6. Quantity of promoter required is minute. An excess 
is unnecessary and in some cases deleterious. 
They further stated in their summary: 
1. Clean st•eam with or without noncondensible gas always 
condenses in a film on clean surfaces, rough or polished. 
2. Dropwise condensation or steam does not occur unless 
the cooling surface is in some way contaminated. 
3o Some contaminants depend for the .ir activity on the 
15 
amount of non-condensible gas present. Some are 
generally e£fective promoters; others are specific 
to certain metals. 
4. Dropwise condensation is induced and maintained more 
easily on smooth surfaces than on rough. 
T. B. Drew26 in summarizing the results of these researches 
to the World Power Conference Chemical Engineering Congress 
gave a somewhat more complete list of promoters and their 
effectiveness and stated that although many substances make 
surfaces non-wettable while they are on the surface only those 
which are strongly adsorbed or otherwise held to the surface 
are significant as drop-promoters. 
A United States Patent27 was assigned to W. M. ~agle 
covering .the use~various substances to promote dropwise con-
densation, speci£ically the mercaptans~ dithiophosphates~ fatty 
acids, and organic compounds containing bivalent sulfur. 
Quantitative measurements of film coefficients in con-
nection with the above studies were reported26 • Coefficients 
for vertical chromium plated surfaces of 15 to 19 t~es the 
Nusselt theoretical value were obtained (141 000 BTU/(hr.)(ft. 2 ) 
(°F)). The area of the condensing surface was 1.505 square 
ee D rew~ T. B., Hottel, H. c., and McAdams, w. H., Transactions 
27 
28 
of the Chemical Engineering Congress of the World Power 
Conference. London, 1936. Vol. III. Paper H7, p. 724• 
(Trans. Am. Inst. Chem. Engrs. ~~ 280 (1936). 
Nagle, W. M., U. s. Pat. 1~995,361, March 26, 1935. 
Nagle, W. M., Bays, G. s., Blenderman, L. M., and Drew, T. B., 
Trans. Am. Inst. Cham. Engrs. J!, 593-604 (1934-5). 
16 
feet; drop condensation was promoted with oleic acid. No 
provision was made to observe the condensing surface, and tube 
wall temperatures were erratic because of the changing locations 
of condensate drops, the surface directly below the drops being 
at a lower temperature than that exposed directly to the steam. 
The thermocouples making these measLwements were soldered in 
very shallow channels on the surface o£ the condenser tube. 
A further study using 5/8 inch diameter copper tubing 
supported vertically, ten feet in length, and promoted with 
benzyl mercaptan noted significant increases in the overall 
coefficient upon the addition o£ promoter. No comparison 
was made to film condensation since the steam used contained 
a ~atty acid contaminant. Similar tubes of chromium plated 
copper and of admiralty metal were studied with comparable 
results. Observed water side coefficients were correlated 
by hw = 700 V8 °.a for admiralty metal and hw = 570 V9 °• 8 for 
the copper tube 29 • 
Emmons presented a mechanism of dropwise condensation 
based on published studies of the behavior of molecules at 
surracesao. The essential feature of his theory was the as-
sumption of the blanketing of the condensing surface with 
supersaturated vapor with local nucleation to trigger drop 
forming condensation and with reevaporation of condensed vapor 
ae Fritzpatrick, J. P·., Baum, S., and McAdams w. H., Trans. 
Am. Inst. Chem. Engrs. ~~ 97-107 (1939). 
ao Emm 
ons, H., Trans. Am. Inst. Chem. Engrs. J2, 109-125 (1939). 
17 
between drops. Violently eddying vapor was assumed to trans~er 
heat directly to the cooling sur£ace~ supersa_turating itself~ 
and then condensing on the surrounding drops. Promoter action 
was explained on the basis or oriented unsy.metrical molecules 
which present a condensate repelling surrace to the condensing 
vapors while sur£ace loving portions of the molecules attach 
themselves to the cooling wall. The hypothesis that only a 
monomolecular layer of promoter is necessary for dropwise con-
densation was verified by depositing single molecule layers 
of stearate promoter on condensing surfaces. 
One o£ the most comprehensive quantitative studies of 
dropwise condensation completed to date is that of Shea and 
Kraus 31 • Their apparatus consisted of a vertical copper 
plate 0.25 inch thick, five inches wide~ and 24 inches long. 
Exposed area was 4 by 23 inches. The steam chests were de-
signed to permit ready access to the condensing surface and 
observation under operating conditions. They were rectangular 
in shape and constructed to give minimum impedance to the flow 
or steam. Cooling water was applied to the condenser plate 
in five separate streams, each cooling a section of the plate 
and having separate controls~ and individual temperature and 
quantity measurement. Steam was provided from the boiler plant 
directly through a two inch main. Pressure was reduced to the 
desired value by a Watson pressure regulator and the steam led 
to the apparatus through entrainment separators and electrically 
a1 S hea~ F. L.~ and Krase, N. w.~ ££• cit., pp. 463-487. 
heated lines. Thermocouples were accurately positioned in 
the plate, calibrated separately and in position, and were 
read with a Leeds and Northrup Type K potentiometer. An 
18 
extensive number o~ runs were made both with ~ilm type conden-
sation and dropwise condensation. As described previously, 
the ~ilm type coe~~icients consistently ~ollowed the Nusselt 
equation but were about ten percent high ror short plates and 
25 percent :ror the !'ull 23 inch plate. "Dropwise coe~~icients 
were shown to vary with length of conden.ser, steam velocity 
and heat load. The effect of heat load is slight. For the 
range or steam velocities studied a graphical correlation, 
based on the frictional force exerted by the ~lowing steam 
on the condensate,was developed. Interpretation of the data 
as dependent on length shows a substantially constant increase 
in resistance per foot of added length of condenser. This 
conclusion permits a prediction of average coef~icients for 
longer condensers in substantial agreement with the data made 
available." 
Exception to the rule that smooth clean surfaces promote 
film condensation apparently must be m.ade in the case of 
zirconium and tantalum since surfaces of these metals give 
dropwise condensation in spite of all cleaning attempts. A 
patentaa has been granted to H. w. Russell and the Foote 
38 Russell, H. W. {assigned to the Foote Mineral Co.) 
U. S. P. 2,~8,909, Jul 8, 1941. 
Mineral Company ~or the use of zirconium plate to promote 
dropwise condensation. 
19 
The most recent work pertaining to dropwise condensation 
is that of Fatica and Katz3 ~. The mechanism of dropwise 
condensation was studied by measuring contact angles between 
the droplets and the sur~ace, noting position o~ the drops 
on motion picture film, measuring the heat transferred by 
determining the temperature drop across the flat metal heat 
transfer surface (knowing its area and thermal conductivity), 
and measuring the drop size. The authors concluded that a 
bare surface condenses vapor in a large number of uniform drop-
lets which cover about 45 percent o£ the surface. These drop-
lets grow until a critical size is reached at which one drop 
at the top of the inclined surface will roll over the surface 
sweeping it bare. Th~ critical size depends on the angle of 
inclination, the difference between the advancing and receding 
contact angles, and the surface tension and density of the liquid. 
A formula for predicting dropwise fi1m coefficients was 
presented having the following variables: fraction of condensing 
area covered by droplets, advancing and receding contact angles, 
angle of inclination of the surface, thermal conductivity of 
the condensate, and thermal conductivity of the condensate. 
This was based on conduction of heat through the droplets and 
zero resistance between vapor and bare surface. Rate of heat 
transfer through bare sections. depends on resistance of the 
a~ Fatica, N. and Katz, D. L., £E• ~., pp. 661-674• 
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rest of the path. They assume vapor condenses uniformly over 
the whole surface momentarily, and then breaks up into drop-
lets denuding the covered surface except £or the drops. This 
is in disagreement with Emmons' reevaporation theory. 
A metal o£ lower conductivity (a 1~ inch thick sheet of 
nickel) than copper was used for the condensing surface so 
that measurable temperature gradients could be obtained since 
this was the way in which the heat flow rate was evaluated. 
Thermocouples were imbedded flush with the surface of the 
condenser plate~ the leads passing through small holes to the 
back o£ the plate. The sur£ace was chromium plated after 
installation of the thermocouples. T.he remainder of the test 
surface support was constructed of laminated bakelite except 
for a metal partition in the cooling water system. The sur-
face support was suspended in a flask steam chest in such a 
way that the surface could be readily inspected through tele-
scopes~ still and movie cameras, etc. mounted on a rigidly 
supported optical bench located normal to the condensing 
surface. Condensing surfaces were changed by replating the 
surrace with the desired metal. 
The use of silicones as promoters of dropwise conden-
sation has been reported only once in the literature. A patent 
has been granted to J. B. Huntera• on this heat exchange method. 
Although tube preparation is given in detail the investigation 
described in the patent was confined to the use of two silanes~ 
a• Hunter, J. B. (assigned to Atlantic Refining Company), 
U. S. P. 2~469~729, May 10, 1949. 
both applied in a vapor £orm and ~ixed by hydrolysis or 
alcoholisis and condensation directly on the tube. No at-
tempts to apply silicones by other methods were attempted. 
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The general technique o£ making surraces water repellent 
by hydrolysis or silanes on said surraces has been patented 
by Winton I. Patnode and the General Electric Company35 • 4 
number or techniques are described involving the application 
or several dirferent types of halides in vapor rorm with or 
without an alkaline agent to neutralize ·the hydrohalide acid 
formed. Application to glass, paper, cloth, and metal sur-
faces is claimed. 
A method o£ application of silicone films to insulators 
and other materials, described by Johannsen and Torok36 , holds 
promise of being a suitable method £or use with heat exchanger 
tubes. Their method consists or dipping or spraying the 
article to be coated after thorough cleaning with a liquid 
silicone polymer dissolved in a volatile solvent. The solvent 
is then evaporated and the article cured at higher temperatures 
presumably to increase cross linking by further condensation 
cross linking by further condensation and inter-chain oxidation, 
and to condense any silicol groups remaining in the liquid. 
The result is a tenacious water repellant film with good aging 
and weathering resistance. OptLmum baking conditions are 
outlined in the papa~. Accelerated aging tests showed that 
aa Patnode, W. I. (assigned to the General Electric Company), 
U. S. P. 2,306,222~ Dec. 22, 1942. · 
38 J 
ohannson, o. K. and Torok, J. J., Proc. Inst. Radio Eng. 
and Waves and Electrons J!t, No.5, 296-302 {1946). 
properly baked films retained their original properties 
after many days or treatment. 
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FlG.l- HEAT TRANSFER COEFFICIENT 
APPARATUS 
23 
FIG. 2-RECORDER AND THERMOCOUPLE SWITCHING, 
TIMER AND SOLENOID VALVE CONT ROLS 
2 4 
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FIG. 3-ELECTRICAL AND COOLING WATER CONTROLS 
26 
FIG. 4-MANUAL POTENTIOMETER AND SCAL S 
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DESCRIPTION OF APPARATUS 
The equipment used in this study consisted or the follow-
ing: (1} Apparatus ~or the measurement of heat transrer co-
erricients (Figs. 1-5). These consisted of electrically 
heated boilers connected directly to glass pipe steam chests. 
Specimen sections of copper and other types or tubing closed 
at one end were attached to constant rlow cooling water sources 
and suspended into the glass pipe steam· chest in the manner 
of cold ringer condensers. Provision was made to collect the 
condensate .falling .from the tube and measure the quantity and 
temperature rise or the cooling water. (2) Coating durability 
test apparatus. These consisted o.f hot plate heated flask 
boilers into which water cooled specimen tubes were suspended 
and subjected to the action or steam ror extended periods o.f 
time. (3) Coating apparatus. These consisted of various 
setups, described in detail later, devised to apply thin 
silicone films to the spec~en tubes. 
Three similarly appointed instruments (two identical) 
were constructed to expedite the taking of data for the measure-
ment of heat transrer coefficients. The major parts of these 
devices are the .following: the boiler-vapor chest, lid, sample 
tube head, heater, recorder-potentiometer, water supply, con-
densate collector, and level control assemblies. 
The boiler vapor chest assemblies (Fig. 6, llG) consisted 
or twelve inch sections of three inch inside diameter double 
FIG. 5- BOILER, L ID, SAMPLE TUBE HEAD, 









strength glass pipe (6-A) 37 necked down to one and one half 
inch diameters at one end and sealed concentrically to the 
neck o~ two liter round bottom1 short ring neck boiling 
flasks (6-B). The other ends of the glass pipe sections were 
provided with a standard commercial glass pipe conical ~lange 
by the suppliers (6-C) (Corning Glass Works). The lengths of 
the three inch diameter sections a£ter the glass blowing 
manipulations were about ten inches ~or Apparatus I, _ ten inches 
ror Apparatus II 1 and eight inches ~or Apparatus III. One 
standard taper glass joint (6-D), size 24/40, was sealed into 
each of the boiling flasks at a point on the hemisphere of the 
~lask surrounding the neck determined by its intersection with 
a line passing through the center o~ the flask and at a 45° 
angle ~rom the axis of the neck of the flasks. The center 
lines o~ the glass joints were 35° from vertical when the necks 
of the flasks were vertical 1 and in the plane of the afore 
mentioned 45° lines and the axes of the necks. 
The conically flanged ends of the glass pipe sections 
were fastened to specially made aluminum lid assemblies (Fig. 
7, llH) by means of Corning 3 inch glass pipe flange and 
gasket sets and six 5/16 inch diameter by 1-1/2 inch long 
aluminum bolts and nuts. The lids were hexagonal aluminum 
castings of the same outline as the Corning flange. They were 
approximately 3/16 inch in thickness with rein£orcing ribs 
37 R 
eferences in the text to specific objects in the figures 
will be made QY a parenthetical number ·and letter, the 
number being the figure number, the letter the identi-
fying letter o~ the object in that figure. 







(7-A) or 1/8 inch additional thickness cast in the upper 
surface of the lids, radially from the center to the 11/32 
inch bolt holes (7-B) at the corners of the hexagons. The 
centers of the lids were raised in the form of truncated cones, 
1-1/2 inch in diameter at the top, to a heighth of 21/32 inch 
above the surface of the lids (7-C). Similarly shaped pro-
jections (7-D), 3/16 inch shorter and about 3/4 inch in di-
ameter were cast into the sides of the center cone (the 
centers were 1-1/4 inches distant ruong one of the radial 
ribs). The bottoms of the castings were faced in a lathe and 
conical depressions (7-E) were turned in them concentric with 
and of the same diameter as the glass pipe on which the lids 
were mounted. The angle subtended by the elements of the 
conical depressions and the plane of the faced bottoms of the 
lids was about 15°. When mounted in its proper position these 
sloped surfaces served to carry any steam condensate which may 
have formed on the lid to the sides of the boilers to prevent 
its inclusion with. condensate produced on the sample tubes. 
The tops of the previously mentioned center pieces were faced 
flat in planes parallel to the bottoms of the lids. Holes, 
1-17/64 inches in diameter, passing through the lids and con-
centric with the glass pipe when the assemblies were bolted 
in place, were bored in the center projections of the lids 
to accomodate the sample tube head assemblies. Close fitting 
sleeves (7-F) of Taylor, cloth reinrorced phenolic plastic 
were placed in the holes. These sleeves were turned from 
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tubing stock 1-1/2 inches in outside diameter to the rollowing 
dimensions: length, 3/4 inch; inside diameter, 1-3/64 inches; 
outside diameter, 2 to 3 thousandths o~ an inch under the 
1-17/64 inch diameter of the lid holes except for a shoulder 
or the original 1-1/2 inch diameter composing the upper 3/32 
inch o~ the sleeve length. This shoulder was notched to 
accomodate the boiler thermometer holder closure and was in-
cluded to position the sleeve vertically and prevent it rrom 
falling into the flask. 
The purpose or the insulating sleeve was to limit at 
least to negligible amounts the £low o~ heat from the lid 
(which was at a temperature very close to boiler temperature) 
to the sample tube (7-G) and sample tube heads since any heat 
so trans~erred would not pass through the surface under study 
but would be included in heat received by the sample tube 
coolant. Heat transferred from the lid comprised ~rom 15 to 
20 per cent or the total heat received by the coolant without 
the insulating sleeve, but this was reduced to a maximum or 
2.5 per cent and correction procedures, outlined in the cal-
culation section, accounted ror this heat within the overall 
limits or accuracy or the measurements made. Further insula-
tion could not be included because or the l~ited space into 
which it could be ritted and because or the sample tube fasten-
ing set screws (7-H) but, nevertheless, was not deemed neces-
sary ror precise measurement. 
Additional 5/8 inch holes (7-I) were bored in the shorter 
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raised portions o£ the lids with centers 1-1/4 inch rrom the 
center or the center holes and to a depth 2/3 or the thickness 
of the lids at that point, and these were continued . through 
the lids concentrically with 5/16 inch holes which were then 
tapped to take a threaded 3/8 inch copper tube (7-J). One-
inch sections o£ S/8 inch outside diameter copper tubing (7-K) 
were rolled in place in the large end or the holes and 7 inch 
sections (5-1/2 inch £or Apparatus I~I) threaded on one end 
and having 4 or 5 3/32 inch holes bored. into the sides racing 
the glass pipe wall were screwed into the tapped holes. These 
served as return lines £or condensate £rom glass water-cooled 
reflux condensers (500 mm. jackets), which prevented loss or 
steam or other vapor and provided a pressure equalizing out-
let to the atmosphere. The end or the condensers were ritted 
into the 5/8 inch copper tube and were held in place by a 
sleeve of large diameter rubber tubing (7-L). 
The first rib or the lid assemblies (numbering clockwise 
from the rib emanating from the condenser fittin~ was drilled 
and tapped to accomodate a brass 5/16 inch tubing compression 
fitting (7-M) having 1/4 inch National Pipe Thread (NPT) male 
threads. This £itting was provided to mount the level control 
assemblies to be described later. This was not provided on 
Apparatus III, which has another type or level control. One 
1/8 inch hole was drilled through the second rib near the root 
or the sample tube holder to accomodate the boiler temperature 
thermocouple. This thermocouple was held in pla~e by a spade 
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ended solderless connector (7-N) bent to secure the wire in 
a vertical position. The connector was held in place by a 
metal screw. Rib no. 4 was drilled and tapped to receive an-
other compression ~itting (7-0) (5/16 inch compression by 1/8 
inch NPT male). This ritting served as a mounting and closure 
for the attachment or the boiler thermometer. The ritting was 
drilled out to make room f'or the thermometer and the brass 
compression sleeve was replaced with a short length of' small 
diameter rubber tubing (7-P). When the compression nut was 
tightened a compressed gland seal was rormed around the ther-
mometer. The boiler thermometer was 0 to 200°C, 1 degree 
thermometer. It was calibrated against a thermocouple and the 
fixed points (rreezing and boiling point) over the range to 
be used. The sample tube heads were held in place by two 1/4 
inch, 24 threads per inch (TPI) Allen set screws, 5/16 inch 
long, mounted in the wall · or the tube holder projection. 
The sample tube heads (Fig. 8, lli) were rabricated al-
most exclusively rrom copper tubing sweat rittings joined by 
short lengths or tubing. They consisted or 3/4 inch male NPT 
to 3/4 inch (7/8 inch OD) sweat copper tubing adaptors (8-A) 
(ror joining the head to the sample tubes) sweated to sweat 
reducing tees having coaxial 3/4 and 1/2 inch joints and a 
1/2 inch side arms (8-B). Ten inch sections or 3/8 inch 
copper tubing (8-C) were swedged to 1/2 inch size (5/8 OD) 
inserted into the tee so that they protruded through and were 





















then used as a sweat nipples to join 1/2 by 1/2 by 1/2 inch 
tees (8-D) to the main tee with all coaiial joints vertical. 
Additional 1/2 inch tees (8-E) were joined to the side arm 
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in the same position. Threaded adapters (8-F) (1~ inch NPT~ 
machined rrom 1/4 inch brass pipe couplings) were then soldered 
into the upper joints or each tee and thermometer closures 
(8-G) made in a manner similar to that described ror the boiler 
thermometers were screwed into place (the pipe thread on the 
compression ritting was 1/ 4 inch in this case~ same type of' 
ritting). The upper 1/2 inch tee was joined to a 3/8 by 1/2 
inch reducing elbow {8-H), a 3/8 inch tee (8-I) (all sweat) 
and a 2-1/2 inch length or 3/8 inch tubing, mounted in a hori-
zontal position when the main assembly was vertical. The side 
arm of the 3/8 inch tee extended vertically. A similar 
assembly extending in the same direction was joined to the 
side tee of the main assembly. The upper arm was joined to 
the cooling water supply and the side arm was the cooling water 
outlet. Thermocouples were mounted in the 10 inch center tube 
at both its ends and at the level at which the sample tubes 
were joined to the main head. Flat sheet copper spacers (8-J) 
were provided to center the couples and still provide a minimum 
resistance to water rlow. Two thermocouples were also joined 
to the outside or the 3/8 inch tube on opposite sides at the 
joint beneath the sample tube joint and an additional thermo-
couple was positioned in the center or the upper horizontal 
arm of the outlet water connection. The leads ror all the 
thermocouples were threaded through the tubes and led out of 
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the apparatus through the unused arm or the 3/8 inch tee, by 
means or a sealing wax seal {8-K). The ·seal was ~urther 
water-proored with two coats or bakelite varnish and one coat 
or liquid solder. The thermocouples were constructed or Min-
neapolis-Honeywell 20-gage paired iron-constantan wire, glass 
and asbestos insulated. The couples were rormed by welding 
and portions or the leads lying within the heads were painted 
with bakelite bar top varnish to minimize the action of the 
water on the thermocouples. The thermometers used £or inlet 
and outlet t .emperature measurements were -1 to 101°C, 0.1-
degree thermometers calibrated against one another and a thermo-
couple every two degrees or their range, as well as at the ice 
and boiling points. They were mounted in the heads to the 
Lmmersion mark, air being bled orr arter each insertion o£ 
the thermometers to insure complete immersion. 
Apparatus No. 2 was heated with the lower half or a two-
liter Glascol heating mantle. The other two rlasks were 
heated by specially constructed heater assemblies {Fig. 9, llJ). 
These were made by casting a mixture (9-A) or 1/4 portland 
cement and 3/4 shredded asbestos {by volume) with water in 
3-quart aluminum sauce pans (9-B). Depressions were made in 
the cement while sort of the same shape as the boiler rlasks 
and or ~ightly larger radius. Spiral grooves were cut in 
the surface of the cement after hardening and 17 £eet o£ No. 
22 Nichrome wire (9-C) were cemented . in place with wet asbestos 
cement (the turns were concentrated at bottom). The heater 
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wires were connected to asbestos-covered 14-gage solid copper 
wire leads by solderless crimp connectors (9-D) and the leads 
were in turn connected to porcelain sign sockets (9-E) mounted 
previous to the casting or the cement in the side or the pans. 
The rlask depression was lined with sheet asbestos (9-F) soaked 
in water glass and the units were allowed to run ror several 
days at low voltage to expel the water rrom the hardened 
cement. This was expedited by drilling holes in the sides 
or the sauce pans. The heaters perrormed very well and dis-
sipated more power than the Glasscol mantle. 
The recorder potentiometer assembly (Fig. 10) consisted 
of a Brown 8-point "Electronik" recording potentiometer (Model 
No. 153-X6098-X-3l)(Fig. 3~ 10-A~ llK) and a Leeds and Northrup 
portable precision manual reading potentiometer (No. 8662) 
(Fig. 4~ 10-B, llL). The recorder was connected by a rather 
elaborate switching arrangement (10-C) so that the recorder 
could measure the six head temperatures or any one apparatus 
plus the boiler temperature of that or another apparatus. 
Also recorded was a 0°C rererence temperature as a check on the 
recorder perrormance. In addition to this fUrther switching 
permitted the recorder to measure T4 and T8 , the two temper-
atures exhibiting the most change~ in all three apparatuses 
simultaneously as well as one selected boiler temperature. 
Manual reading or any thermocouple in any apparatus even during 
recorder operation could also be accomplished by direct switch-
ing (10-D). The manual potentiometer was supplied with a 
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manually operated rererence junction compensator but this 
was not used in ravor o£ a 0°C cold junction sihce this gave 
a more accurate cold junction temperature and gave increased 
accuracy of measurement at temperatures close to or slightly 
below room temperature in which region the device was fre-
quently used. The cold junction temperatures were established 
by immersing the cold junction couple into an ice-distilled 
water mixture kept in a corked half-pint · thermos bottle (10-E). 
All connections were soldered; the manual potemtiometer was 
frequently standardized. The recording potentiometer was 
standardized at the start or each run, a£ter which this was 
done automatically by the instrument at rrequent intervals. 
The range o£ the recording instrument was changed from -50 
to 450°F, to 0 - 200°C and was round to retain its calibration. 
During the film and wall temperature measurements the head 
iron-constantan connections were removed from the manual po-
tentiometer and separate thermocouple systems constructed or 
30-gage copper and constantan wire were connected. For film 
temperature measurements, the measuring couple was inserted 
into the boiler bound to a sti££ wire probe. Mounting of the 
wall temperature couples will be described under sample tube 
construction. 
The water supply system consisted of devices for deliver-
ing a controllable and reasonably constant rlow of water to 
the sample tube heads. One level tank and three weir cups 
designed to establish a constant head of water at each apparatus 
ror the booster pumps to pump against were constructed. The 
level tank (11-A) consisted of a large pail (12-A) into which 
was soldered a ring o~ galvanized iron at about 1 inch below 
the top. This ring had an inside radius about 1-1/2 inches 
less than the radius o~ the pail at the point of attachment. 
A cylindrical weir made o~ galvanized iron about 1 inch high 
was soldered (water tight) to the inside edge of the ring 
(12-B). Two water outlets were provided to drain the annular 
through thus formed, one 3/4 inch in diameter (12-C) and the 
other 3/8 inch with provision to provide easy visual indi-
cation of overflow (12-D). Two water inlets were provided, 
connected to a common water supply. One had the form o~ a 
3/8 inch copper tubing ring (12-E) with its end closed and 
perforated at l-inch intervals so that it directed a water 
spray to the center and bottom of the tank (12-E). The other 
(12-F) was arranged to provide a flat tangential jet control-
lable by a separate valve. This arrangement served to agitate 
the water in the tank mixing the water to provide a uniform 
water temperature. The large holdup of the tank smoothed 
sudden changes in line temperature. The water inlets were 
connected to the line by 3/8 inch copper tube through a 
throttling valve. Outlets to the individual apparatuses were 
soldered at the bottom of the tank, each provided with a stop 
and waste valve to permit draining the lines separately. 
The level cups (11-B) were constructed o~ tin plate cups 
(12-G), 3-1/2 inches in diameter. Two concentric weirs were 
soldered in the center o~ the cup. The center weir (12-I) 
was slightly lower than the outer weir (12-H). The output 
!'rom the heads was connected to the annulus f'ormed by the 
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cup wall and the outer weir. A drain outlet (12-J) between 
the two weirs was led through a solenoid actuated tubing 
clamp (12-K, llC) to tared cooling water collection buckets. 
The central space inside the inner weir was drained (12-L) 
into the sink. ~ben the control valve is opened, cooling 
water is collected; when closed the water ~lows into the 
drain over the second weir. In either case the head of' water 
is established by the height o~ the f'irst weir and the water 
level in the tank. Provision was made to raise or lower the 
cups. Because of' lack of' head room it was necessary to in-
corporate a small centrif'ugal pump (11-D) in the water line 
in order to produc e e nough head to obtain the desired water 
flow. Glass f'lowmeters (11-E) were also placed in the cooling 
water system to give an indication of' the cooling water rate 
which was changed by a. globe valve in the discharge stream 
of' the pump. Variations in rate or water rlow were due solely 
to line voltage f'luctuations in the power to the pump motor. 
The condensate !'rom the test tubes was collected .from a 
continuous flow condensate collector (Fig. 13, 11-F). No 
condensate was returned to the boiler. The condensate col-
lection assemblies consisted of three parts: the glass con-
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The glass condensate receivers consisted of glass tubes {6-E) 
shaped in the f'orm or a reclining "S" sealed into a male 
24/40 interchangeable ground glass joint (6-D). The as-
cending end of' the tube, inside the £lask, was terminated 
in the socket half or a 12/5 interchangeable ball and socket 
joint (6-F), the flange or the socket having been ground to 
pass through the 24/40 joints on the sides or the boiler 
flasks. The ball was attached to a light glass runnel (6-G) 
centered by attached glass ringers in the 3 inch glass pipe 
directly beneath the sample tubes. Condensate falling from 
the tubes was received by the funnel and carried by the 
siphon tube outside or the boiler to the flow diverters. 
The runnel also prevented direct impingement of the stream of 
newly generated steam from the boiler on the test heat trans-
fer surface and directed intrained water droplets to the sides 
ot the flask where they coalesced and returned to the flask. 
The siphon tube was attached to the flow diverter by a rubber 
• tube coupling; a stoppered tubulation (6-G) in the seal or 
the siphon tube to the 24/40 joint, consisting or a female 
14/35 joint stoppered with a fUll length stopper, was pro-
Vided to permit addition of liquids to the boiler without 
removing the condensate collection apparatus. 
The condensate flow diverter (F'ig. 13) consisted or a 
device ror withdrawing the condensate con~inuously £rom the 
receiver tube under slight vacuum and channeling it to a col-
lection £lask or the drain. This consisted of a small vacuum 
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chest (13-A) one inch deep and two inches wide and high 
fabricated of sheet metal. A condensate inlet (13-B) was pro-
vided at the top, a vacuum inlet to one side, a plexiglas 
inspection· window on the front, two openings with close fit-
ting lubricated grommets (13-C) for the flow diverter actuator 
rod in the sides, and the bottom was divided and shaped into 
two funnel-shaped depressions connected to two 1/4 inch copper 
tube standpipes (13-D). The condensate inlet tube was termi-
nated on the inside of the chest with a rubber tubing con-
nector to a swinging section of copper tube (13-E) (3/4 inch 
long) of the srume diameter (grooved to prevent slippage of the 
tube on repeated use). An actuator rod (13-F) of brazing rod 
with sliding harness to attach to the swinging tube to position 
the free end over either of the two funnels passed through the 
grommeted openings. The lower ends of the standpipes were 
submerged in a pool of condensate contained in two shallow 
tanks (13-G). These tanks were provided with overflow spouts 
(13-H) connected to the drain or condensate collection flasks, 
and cooling coils {13-I) to cool the hot condensate and mini-
mize evaporation loss. A seal of condensate was established 
in the standpipes to prevent loss of vacuum in the chamber. 
Motion was imparted to the actuator rod by a linkage (13-J) and 
flexible choke ~ord connected to the solenoid operated tube 
clamp. Simultaneous collection of condensate and cooling 
water could then be effected by the throwing of a single switch 
at a location near the recorder. A timer, consisting or a 
self starting electric clock with a sweep second hand having 
a switch in its power cord was used to time the collection 
period. 
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A slight vacuum was maintained in the collector by means 
or an aspirator (11-M). The pressure in the chamber was regu-
lated by means of a device consisting or a drying tower fitted 
with vacuum inlet and outlet {11-N), similar to a manostat 
proposed by Russell~ 6 • A glass standpipe was attached to the 
lower tubulation. Water was placed in the tower covering 
the end of the standpipe to a depth equal to the desired 
pressure in inches of water. Aspirator vacuum was maintained 
sufficient to obtain a slow, steady flow or air from the 
standpipe into the tower. 
The water level in the boilers was maintained by two 
types or controls. Apparatus I and II were provided with 
level controls (11-0) constructed as follows. Three copper 
tubes, one 3/16 inch and the others 1/8 inch in outside 
~iameter were threaded through the sleeve of a 5/16 inch 
compression fitting and soldered in place. The three tubes 
· Were soldered into a fairly flat strap or bundle. This was 
bent to conform to the sides of the boiler and steam chest. 
A small wire hook was also attached to position and aid the 
removal of the condensate collector funn e l. The central 
(3/16 inch) tube (14-A) and one of the 1/8 inch tubes (14-B) 
were terminated in a hood (14-C) constructed or 1/2 inch 
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copper tubing. This hood covered the 3/16 inch tube ror a 
distance or 1-1/2 inches ~rom its end and extended an addi-
tional l/2 inch beyond it. The 1/8 inch tube was terminated 
upon its entrance into the hood. The upper end or the hood 
was slitted and reduced in diameter and an air tight seal was 
rormed with solder about the two tubes. The other end or the 
hood was attached to a copper plate (14-D) by three mounting 
straps; the plate was mounted parallel to the cutorr plane 
or the hood tubing and about 1/4 inch distant rrom it. The 
second 1/8 inch tube was extended about 3/4 inch beyond the 
end or the hood assembly. This tube was connected to the 
bottom or a water reservoir consisting or an inverted two 
liter short ring neck boiling rlask (14-E) plugged with a 
wired 4 hole rubber stopper. The larger tube was also con-
nected to the reservoir bottom. The 1/8 inch tube entering 
the hood was attached to a constant pressure gas source. The 
gaa used ror a great majority or the runs with this device 
was water pumped nitrogen. The cylinder gas was led rrom the 
regulator (14-F) into a device (14-P) which placed a very 
small positive gas . pressure on the controller hood. This 
consisted or introducing the gas supply line into a chamber 
(14-G) provided with an outlet (14-H) and a blow orr tube 
(14-I) immersed to a rixed depth in a container or water (14-J). 
Ir the supply pressure exceeded the desired value, gas was 
expelled through the blow orr. The pressure setting was de-
termined by the water dep~. The two remaining connections 
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to the reservoirs were a filler tube (14-K), connected to a 
pressurized three gallon distilled water storage bottle (14-L), 
and an air inlet (14-M) which was extended by means or a glass 
tube to the top or the reservoir. These connections were ~or 
~illing the two liter reservoirs. This was accomplished by 
closing the two control lines, opening the air inlet and riller 
tubes, and ~orcing water under slight pressure into the reser-
voir. 
The control action o~ this assembly was accomplished in 
the ~allowing manner. Filler tube and air inlet lines were 
clamped shut and the two control lines and the constant pres-
sure gas line were opened. When the water level in the ~lask 
rell below the point located above the end or the 3/16 inch 
tube determined by the distance occupied by a head or water 
equivalent to the gas pressure, the water level in the hood 
would rall below the end or the 3/16 inch tube and gas would 
be admitted to the reservoir ~lask. This would in turn dis-
place water and the process would continue until the desired 
water level was restored. The gas supply was necessary since 
arter a short period or operation the boiler and steam chest 
were apparently devoid or noncondensible gas to displace water 
in the reservoir. Water level could be raised or lowered by 
changing the control gas pressure (an increase raised the 
level). Controller lag was minimized at higher pressures. 
Apparatus III was provided with a device ror adding make-
up water to the boiler at constant rate rather than an actual 
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control device. This consisted of a separatory funnel (14-N) 
attached to the top of the refluA condenser. Water level was 
maintained in the funnel by a s~ple air displacement level 
control (14-0) which operated rrom a two liter reservoir (14-R) 
identical to those of the other controls. 
So that reasonably large beat fluAes could be obtained 
through the condensing surrace without excessively large heaters, 
heat loss to the surroundings of the boilers and steam chests 
was minimized by covering all exposed surfaces or the boilers, 
chests, and lids with a 1-1/2 inch blanket or glass wool in-
sulation (11-Q). Narrow bands of glass pipe {11-R) were left 
exposed to permit observation of the cooling surfaces which 
were illuminated by shaded, small wattage lamps (11-S) located 
outside the chest. 
Control or electrical power to the heater Variacs (11-T), 
pump motors, controllers (11-U), lights, timer, and recorder 
was maintained at a centralized control panel located near a 
bank or valves which regulated flow or cooling water supplied 
to the sample tube heads and reflux condensers, thus decreasing 
errort in starting and controlling the apparatus. Control or 
the timer, condensate and cooling water collection, and thermo-
couple switching was centrallized at a location near the re-
corder, permitting observation of' the chart to note attainment 
or equilibrium and speeding removal of the chart after com-
_Pletion or a run. 
Interlocks ( 1.~ -N) were provided on the remote opera ted 
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cooling water collection valves to lock them in open position 
and to deenergize the solenoid (12-M) to prevent overheating 
on long runs; the solenoids were in operation only during the 
rirst and last portions or the runs. 
Weights or cooling water collected were determined on an 
Ohaus solution balance (Fig. 5) sensitive to one gram in 20 
kilograms. The weight of' condensate was determined by measure-
ment of' volume and temperature at the time of' volume measure-
ment. Barometric pressure was determined by an anaeroid 
barometer (Fig. 4> which had been previously calibrated against 
a Weather Bureau type mercurial barometer. 
The sample tubes were constructed of' 6 to 6-1/2 inch 
lengths of' type M rigid copper water pipe (8-L). One end of' 
each of' these sections was closed with a disc of' copper sheet 
(8-M) positioned just inside the end of' the tube f'lush with 
the end~ and was secured in place with a watertight seal of' 
solder. A 3/4 inch f'emale NPT to 3/4 inch sweat copper tubing 
(7/8 inch OD) adapter (8-N) was attached to the open end of' 
each tube and the sweat end of' the adapter was turned to f'it 
the hole in the insulating sleeve of' the boiler lid assembly. 
Additional tubes of' sort copper (type L) tubing, aluminum, 
brass, and nickel were prepared but were not used in the runs. 
Two tubes with thermocouples mounted within the tube 
walls were prepared f'rom 3/4 inch copper pipe (one inch OD) 
(8-o). The lower ends of' these pipes were sealed of'f' in a 
manner similar to the other tubes. The upper ends were turned 
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to ?/8 inch outside diameter and sweated into 3/4 inch remale 
NPT to 3/4 inch sweat copper tubing adapters (8-P). Grooves 
(8-Q), 1/8 inch in width and extending in dept~ one halr or 
the wall thickness of the tube, were milled parallel to the 
axis and on opposite sides or the tube, extending about 4/5 
or its length (similar to the method or McAdams and Frost3 a). 
Small diameter holes (8-R) were bored into the tube walls 
rrom the grooves to a depth or 3/8 inch so that the end or 
the hole lay near the surrace or the tube. Copper-constantan 
thermocouples {8-S) made or 30 gauge wire were then soldered 
into these holes by a method similar to that employed by Akin 
and McAdams• 0 in their study or natural convection evaporators, 
that is, the holes were filled with solder and the thermo-
couples, protected by rine glass capillaries (8-T), were 
extended to the bottom or the holes. The leads of these 
thermocouples in protecting glass tubes were placed in the 
grooves and covered with a narrow strip or copper sheet (8-U); 
solder was flowed over the copper sheet and filed smooth arter 
hardening. The thermocouples were then paralleled to give an 
average reading for the tube. Calculation of error due to 
position or the couple in the tube wall established that for 
heat fluxes considerably larger than those used the temperature 
error from the wall surface temperature was negligible. 
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•o Akin, G. A. and McAdams, w. H., Tr. Am. Inst. Chern. Engrs. J2, 139-40 (1939). ' 
The coating endurance test equipment (Fig. 15) consisted 
of three boilers, one liter Erlenmeyer rlasks, ritted with 
cork stopper rings cut to fit the shoulder on the sample 
tubes, and heated with continuous duty hot plates. Cooling 
water was circulated through the sample tubes by a rubber 
stopper inserted into the open end of each tube and ritted 
with water inlet and outlet. 
The coating apparatus (Fig. 16) ror application of sili-
cones by hydrolysis of silanes on the tube surraces consisted 
of a drying tower (16-A) fitted with a gas inlet tube (16-B) 
in the lower tubulature, so arranged that air or nitrogen 
might be bubbled through a quantity of silane (16-C) located 
in the bottom of the tower. The sample tube (16-D) was sus-
pended into the upper chamber of the tower, care being taken 
to allow space around the tube for the gases to escape. The 
tubes from this apparatus as well as those treated by the 
other methods were dried and cured in a Cenco-Cooley murfle 
furnace provided with an input controller to maintain the 
furnace temperature. The temperature could be maintained as 
low as l50°C without attention. Silanes dissolved in inert 

















DESCRIPTION OF METHOD 
Description or experimental procedures will be made in 
the rollowing divisions: (l) tube preparation techniques, 
(2) heat transrer coefEicient measurements, and (3) coating 
durability testing. 
Tube preparation techniques can be divided into two 
classirications: (1) preparation or clean tubes ror rilm 
type condensation heat transrer coerricient runs, and (2) 
preparation or coated tubes ror dropwise condensation runs and 
coating evaluation. No elaboration into the reasons ror the 
preparation or a particular surrace will be made since this 
will be explained in detail in the discussion or heat transrer 
coerricient measurements in this section and in the discussion 
of' results. 
Sample tube preparation f'or the f'ilm type runs consisted 
or producing on the tube a clean surrace, completely wettable 
with water. A number of' suggestions have been made in the 
literature concerning the preparation or such surraces. Drew, 
Nagle and Smith~1 suggested the use or scouring agents such 
as · rine emery, rouge, and precipitated chalk, and a number or 
cleaners and detergents f'or the preparation or wettable sur-
faces. All these were tried with varying degrees or success. 
The tubes were suf'f'iciently smooth as not to require extensive 
POlishing with emery or other harsh abrasives. Rouge was 
dif'f'icult to apply and use without possibility of' chance con-
.1 Drew, T. B., Nagle, w. M., and Smith, w. Q., ~· cit., pp. 
605-620. 
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tamination or the surrace. The use o~ anything that could not 
be readily rinsed orr or whose behavior with tube metal was 
not known was avoided. The preparation techhique outlined be-
low was round to be extremely errective and never ~ailed to 
give a completely wettable sur~ace. 
1. The surface of the tube was scoured with very fine 
steel wool to remove oxide coating and other sur~ace 
contaminents. 
2. The tube was agitated in benzene to remove greasy 
contaminants. 
3. The sur~ace of the tube was rescoured with steel wool 
to remove remaining oxide and degreased scale. 
4. The tube was rewashed with benzene to remove any grease 
derived rrom the steel wool or hands in polishing. 
5. The tube, still wet with benzene, was immediately 
washed with acetone to prevent deposition o~ an oil 
film upon evaporation of the benzene, and to wet the 
tube with a water soluble solvent. 
6. The tube, still wet with acetone, was immediately 
rlooded with tap water. 
7• Precipitated chalk, N F grade, on a wet paper towel 
was then applied to the tube sur~ace and used to 
polish the s~w~ace. 
8. The tube was then ~looded with tap water and washed 
free or precipitated chalk (the tube was usually com-
pletely wettable at this point). 
9. The tube was rerinsed with acetone and tap water to 
remove any oily contaminants which may have been 
introduced in the polishing step. 
10. The tube was carerully rinsed with distilled water. 
11. The tube, continuously flooded by a stream or dis-
tilled water, was lowered into a hydrometer jar 
filled with distilled water. This technique was 
employed so that any contaminants which might have 
been found on ~he surface of the water in the hy-
drometer jar would be flushed away without contacting 
the tube. The tube was stored in this condition 
until ready for use in the apparatus, never more 
than two or three hours. 
12. Removal of the tube was accomplished under ~ steady 
stream of distilled water to rlush away any oil film 
which may have formed on the surface or the water 
under which the tube was stored. 
The inside of' each tube was scrubbed with a test tube 
brush and Drert detergent, and was rinsed repeatedly with tap 
water prior to the preparation or the outside of' the tube. 
All stains and discolorations were completely removed by scour-
ing with steel wool before the preparation was continued. 
In many cases it was found that completely wettable sur-
races were produced by scouring with steel wool and rinsing 
With benzene, acetone, and water; however, all tubes used in 
the tests were subjected to the f'ull treatment outlined above. 
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The preparation or sample tubes coated with thin layers 
or silicones embraced three distinct techniques, each or which 
was tried with a number or variations. 
The simplest mode or application tried was that or ap-
plying silicone greases direct to the sample tube. In this 
technique the tubes were scoured with steel wool, rinsed with 
a number or changes or rresh benzene, and allowed to dry. 
Some silicone high vacuum grease was applied to a dry paper 
towel and transrered to the surrace or the tubes in a very 
thin, almost invisible rilm. Testing the sur£ace with a 
water stream revealed that the surrace was completely non-
wettable. These tubes were inserted into the apparatus with-
out fUrther treatment. Two tubes or this type were prepared 
and tested. 
A variation or this direct application method was the 
application or silicone varnishes to the tubes. Arter clean-
ing in the manner outlined above the silicone varnish was 
brushed on the tube in as thin a coat as possible and allowed 
to dry ror several days. The varnish used dried ra1r1y quickly 
~ut maximum hardening or the ri1m was desired. 
The second method tried was that proposed by Johannson 
and Torok42 ror the coating or insulators with thin rilms or 
silicones polymerized rrom liquid silicones. The technique 
was modiried £or application to metallic surraces or the type 
encountered in this study. The tubes were scoured with steel 
.2 Johannsen, o. K., and Torok, J. J., £E• ~., pp. 297, 299-301. 
wool and given two or three rinses with benzene and one with 
acetone to degrease the sur~ace. The tubes were then treated 
in a drying oven at l06°C ror about one hour to remove all 
traces or solvent. Solutions o~ the liquid silicones to be 
applied, OT 1 1 OT 2, and OT 3 (all about 2 per cent by weight 
in a a-tetrachloroethane or carbon tetrachloride. See speci-
rications in Materials section) were prepared and placed in 
hydrometer jars or graduated cylinders. The dried tubes were 
allowed to cool below the boiling point or the solvent and 
were then dipped into the silicone solution until the test 
sur~aces were completely immersed. They were then withdrawn, 
allowed to drain ror a rew seconds, and returned to the drying 
oven where they were allowed to remain ror two to rour hours. 
After this period the test specimens were ·removed rrom the 
drier and placed in the curing oven. The reco~~ended curing 
treatment reported in the rererence was one halr hour at 
300°C ror l/8 inch glass rods, 1-l/2 inches long. More mas-
sive bodies were said to require longer times but it is sus-
pected this re~ers to bodies or low thermal conductivity. 
This set or conditions could not be used with the sample tubes 
available since the solder with wh i ch they were constructed 
melted at 225°C. At this temperature the optimum time or 
curing was rour to rive hours. Heating at this elevated tem-
perature ror such an extended period or time might be expected 
to cause considerable oxidation or the copper tube 1 but the 
Protective action or the silicone minimized this undesirable 
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activity. The actual temperature attained in the rurnace ex-
ceeded the desired value, melting the solder, but since a 
minimum was used it stayed in place and maintained the sweat 
joints and end seals watertight. 
The treatment or sample tubes with hydrolyzable silanes 
was made in a number or ways. Precoating cleaning was the 
same as f'or the previous method. 
Mixed mono- and dime-thyl s ilanes were applied by sa tura.ting 
a stream or inert gas with them by bubbling the gas through the 
liquid mixture and passing the resulting vapors over the sample 
tubes covered with thin f'ilms of' alcohol (ethyl), ethylene 
glycol, or water. The thin alcohol, glycol, or water f'ilms 
were applied by dipping the tubes in these liquids, draining, 
and sometimes allowing partial evaporation - of' the f'luid f'ilms. 
The reverse procedure was also used, that is, the appli-
cation of' a silane f'ilm by wetting the surf'ace with the mixed 
silane liquid and exposing the surf'ace immediately (berore the 
silane completely evaporated) to a stream of' steam. 
Relatively nonvolatile silanes such as hexadecyltrichloro-
silane and phenyltrichlorosilane were applied by unif'ormly 
spraying tubes coated with water, ethylene glycol, or ethyl 
alcohol with a f'ive per cent by weight solution of' the silane 
in carbon tetrachloride. 
A third method f'or silane application is that suggested 
for General Electric Dri-Film, namely that the silane is used 
to saturate a cloth which is rubbed over the damp sample tube 
surface once or twice until a thin, almost invisible film of 
silicone is £ormed. 
All silane treated tubes after these operations were 
treated for about a half hour at about l00°C to remove any 
uncombined water or alcohol and then heated at about 200°C 
to hasten and bring to a greater degree or completion the 
condensation or the silanes. The tubes were then ready ror 
use in the heat transrer coefricient apparatus. 
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The procedure ror the de~ermination or the dropwise film 
coerricient o£ silicone promoted tubes involved a calibration 
o£ the tube (determination of lumped tube wall and water side 
resistance) by means of a number of runs with rilm type con-
densation and the evaluation or the desired coerricient using 
these calibrated tubes in a number or runs · in which dropwise 
condensation occurred. 
The runs or both types were accomplished in the following 
steps (starting with a completely idle apparatus): 
1. Water flow through the level tank was started (as 
rar in advance or the other operations as possible). 
2. Electrical power was turned on for the boiler heaters 
(the powerstats were previously adjusted to the 
best setting: 98 volts ror Apparatus I, 115 volts 
ror Apparatus II), the control valves, and there-
corder, and cooling water was admitted to the reflux 
condensers. The reservoirs were filled by the method 
described in the description or apparatus. The level 
control was actuated by closing the filler and air 
inlet lines, and opening the two control lines to 
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the reservoir. Gas was admitted to the constant 
pressure regulator. The sample tube heads and boiler 
thermometers were removed and the holes they occupied 
in the lid were plugged with corks. The recorder was 
standardized. 
3· When a vigorous flow of' condensate in the ref'lux con-
denser was evident and the boiler thermocouple record 
leveled out f'or the apparatus under study, the sample 
tube was removed from the storage jar, f'illed par-
tially with water, and inserted into the lid of' the 
boiler. The sample tube head was lowered in place 
and attached to the tube by rotating the tube until 
the threads were tight. 
4• The boiler thermometer was inserted and tightened in 
place. The tenth degree thermometers were inserted 
in the sample tube heads. 
5. The supply valve on the level tank was opened. The 
centrirugal pump was started and flow to the head was 
adjusted to give 3 to 4 inches of' mercury on the 
flowmeter. 
6. The aspirator was started to provide vacuum ror the 
condensate collection system. Collector vacuum was 
adjusted to give slow f'low of' condensate without 
pulling steam into the .diverter. 
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7• Air was bled f'rom the thermometer closures by backing 
the nuts of'£ slightly and squeezing the outlet water 
tube until water appeared around the thermometer. 
The closure nuts were then tightened. 
8. Water f'low was reduced to about one inch of' mercury 
ror the rirst run. {It was reduced f'urther £or 
succeeding runs.) The apparatus was allowed to op-
erate f'or at least a hal£ hour at these settings to 
assure attainment of' _equilibrium conditions. This 
was indicated by the tendency of' temperature readings 
on the strip chart to average about a constant value 
rather than a gradually ascending or descending one. 
9. The t~er was set to zero~ and condensation collection 
f'lasks and tared cooling water collection buckets 
were set in place. 
10. Upon attainment of' equilibrium the strip chart was 
advanced several inches and torn of'f', the run number 
was written on the newly exposed chart, and thermo-
couple switch positions were checked. The level con-
trol was shut of'£ to minimize boile.r temperature 
f'luctuation. 
11. A small interval timer was set to 27 or 24 minutes, 
depending on the length of' the run, and readings of' 
the cooling water inlet and outlet, and boiler ther-
mometers were recorded. The switches controlling the 
timer and the collection control valves were immedi-
ately and s~ltaneously thrown to on position. 
12. The interlock on the solenoid actuated. collection 
control valves was positioned to deenergize the 
solenoids and hold the valves open. 
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13. Every three minutes as indicated on · the interval t~er~ 
cooling water inlet and outlet~ and boiler thermometer 
readings were made and recorded. 
14. Between readings, the barometric pressure and room 
temperature were read and recorded and notations 
made on the m~eographed data sheets. Also noted 
were the powerstat setting, condensate collector 
vacuum~ flowmeter reading as well as the preparation 
of the tube, the type of promotor and its applica-
tion for dropwise runs, condition·of condensate, and 
any modifications in the apparatus. The behavior of 
the tube toward steam was noted on a separate attached 
sheet as well as the initial wettability of the sur-
face. 
15. When the final 30 seconds of the run was indicated 
on the timer the last thermometer readins were made 
and the interlock was opened to energize the solenoid. 
16. When the run t~er indicated an elapsed time of ex-
actly 24 or 27 minutes~ the timer and control valve 
switches were simultaneously thrown to off position 
to stop collection of condensate and water. The time 
of the . run was recorded on the data sheet. The strip 
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chart of the recorder was advanced several inches and 
the temperature record of the run removed. 
17. The condensate collection rlask was removed and the 
volume or condensate determined in a 100 ml. graduate~ 
arter its temperature was determined. The cooling 
water bucket and contents were weighed on the solution 
balance. These data were recorded on the data sheet 
together with the bucket tare and cooling water col-
lector holdup (103 g.). 
The second apparatus was permitted to attain equilibrium 
while a run was being made on the first. The next run could 
be started immediately af'ter completion or the f'irst merely by 
switching the recorder thermocouple connections, and resetting 
the timer. Weight of' cooling water, etc. were determined 
between readings of' the next run. The procedure was the sam.e 
!'or both dropwise and rilm type runs. 
F11m temperatures at various water rates :ror the f'i~ 
type runs were measured several times with an exploratory 
copper-constantan thermocouple read with the Leeds and Northrup 
potentiometer. The thermocouple (30 Ga.)~ mounted on stiff' 
support wire was inserted into the boiler through the boiler 
thermometer opening, and was so places as to be as completely 
immersed in the condensate as possible. The measurements used 
Were those taken at the bottom of' the tube (measurements at 
other positions were made) since this represented the last tem-
Perature of' the condensate in contact with the tube~ and was 
rairly close to the average temperature or the water held up 
on the tube since the majority or the mass or condensate was 
concentrated at the bottom or the ·tupe. 
The procedure ror the runs in which wall temperatures 
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were measured was the same as the other runs with the exception 
that average wall temperatures were determined every three 
minutes by the Leeds and Northrup potentiometer during the 
run. Condensate temperature was also measured at the end or 
each run by the method just d~scribed. 
Coating durability measurements were made in conjunction 
with the coerricient measurements as well as by separate · 
methods. 
Detailed observations or sur£ace behavior were made dur-
ing the time the tubes were in the steam chests, a minimum or 
rour hours (usually 6 to 10 hours). Apparatus III was used 
exclusively as a coating evaluation setup. In addition to 
this the indurance test boilers described in the previous sec-
tion were used for this purpose and to detect any change in 
behavior arter the accelerated endurance test. 
The Erlenmeyer £lask endurance boilers were rilled with 
a small quantity or distilled water which was brought to a 
boil. The water cooled sample tubes were inserted through the 
cork rings and the type of condensation was noted. Makeup 
water was added from time to time ir the tests were extenaed ones. 
The accelerated test procedure consisted or boiling the 
tubes ror various periods or time completely immersed in dis-
t111ed water. The tubes were also £illed with water.at 
boiling temperat uae. A.£a;er t:b:Ls treatment t.ae tubes were 
again exposed in the d~wability te&t ooilers to note the 
degree of removal o£ promotional activity. 
This type o£ treatment removed the silicone greases, 
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the most lightly held silicone promoter, wit~n an half hour 
while the action of steam at atmospheric preaaure on1y 
partially removed this coating in 8-1/2 hours. In this 
operation (the durabilit7 teat with boiling water) the tubes 
under treatment were exposed to ai11cone-meta1 ~terrace 
temperatures much ~gber than those obtained with norma1 
operation either in these tests or commercially in condensing 
steam service because of the lack or the normal temperature 
gradiant and were exposed to an abnormally high wearing and 
erosive action of a 1arger, more vigoroua1y agitated quantity 
or water. 
MATERIALS 
Only those materials and preparations are listed whose 
purity, or physical or chemical properties might have had a 
signiricant efrect on the results or this investigation. 
Raw Materials: 
CALCIUM CARBONATE, precipitated (precipitated chalk), 
u. s. P. XI, Interboro Chemical Co. 
73 
HEXADECYLTRICHLOROSILANE,· puriried grade, BP (lOOmm) 
269°C, boiling range (12mm) 205-212°C, purity- not 
less than 95 per cent pure substance, speciric 
gravity (25/25°C) 0.996, rerractive index (25°C) 
1.4568, soluble in hydrocarbons, ethers, and chlo-
rinated hydrocarbons, a relatively non-volatile, 
oily liquid, light straw color. It reacts with 
water, alcohols, ammonia, and glycols to give 
hydrochloric acid and waxy hexadecylpolysiloxanes. 
Hexadecyltrichlorosilane is toxic and corrosive, 
but has a low order or rlammability compared to 
the lower alkylchlorosilanes. Store out or con-
tact with moisture• 3 • Dow Corning Corp. 
PHENYLTRICHLOROSILANE, puriried grade, BP (760mm) 201°C, 
boiling range (760mm) 199-201°C 1 purity- not less 
than 98 per cent pure substance, speciric gravity 
~a Anon., Dow Corning Silicon Chemicals Dow Corning Corpo-
ration, Midland, Mich., December 14, 1948. Data Sheet J-14. 
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soluble in hydrocarbons, ether, and chlorinated 
hydrocarbons, water white color. It reacts with 
water, ammonia, alcohols and glycols to give gels, 
or resin-like, phenylpolysiloxane and hydrochloric 
acid. Phenyltrichorosilane is toxic, f'lammable, 
and corrosive, and should be stored out or contact 
with moisture 44 • 
MIXED METHYLTRICHLOROSILA.NE AND DIMETHYLDICHLOROSILANE 
(DC 1208), approximate weight ratio of' 1 to 2 re-
spectively, boiling range (760mm) 64-72, purity-
active silanes not less than 97 per cent, speciric 
gravity (25/25°C) 1.120 to 1.130, average molecular 
weight 135.8, water white color. Composition -
CH3 SiC13 33~2, (CH3 ) 2 SiC1 2 67±2 per cent by weight. 
A volatile liquid which rumes strongly in air. It 
reacts with water, alcol1ols, ammonia, and glycols 
to f'orm hydrochloric acid and methylpolysiloxanes. 
DC 1208 is toxic, f'lammable, and corrosive, and be-
haves in many respects like a strong acid46 • 
DC 200 SILICONE FLUID, viscosity grade 350 centistokes at 
25°C. Volatility af'ter 48 hours at 200°C less than 
2 per cent, !'lash point, 625°F, specif'ic gravity 
{25/25°C) 0.972, pour point {ASTM) -50°C ref'ractive 
index (25°C) 1.4032, vicosity temperature coef'f'icient 
~~ Ibid., Data Sheet J-11. 
~ 6 Ibid., (January 14, 1949) Data Sheet J-22. 
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(210/100°F) 0.62. A water white liquid of low 
volatility and negligible vapor pressure 6 possessing 
good oxidation resistance and complete water re-
pellency46. Dow Corning Corp. 
S-TETRACHLOROETHANE, highest purity (241) 6 density 
(25°C) 1.587 gm/cm3 6 boiling range (760mm) 144-46°C47 , 
refractive index (25°C) 1.494248 , solubility in 
water 0.29 gm/lOOgm H2 0 at 20°Ct 9 A colorless 6 
moderately volatile ~iquid of good solvent prop-
erties which is extremely toxic both by inhalation 
and contact50 • Eastman Kodak Company. 
DOW CORNING HIGH VACUUM GREASE, a colorless, translucent, 
silicone lubricant with high film strength. Inert, 
insoluble in water and chemically resistant to acids, 
alkalies and other corrosive chemicals. Retains its 
consistency in the temperature range, -40 to 204°C. 
~6 Anon., DC Silicones, New Engineering Materials. Dow Corn-
ing Corporation, Midland, Mich., 1947. P• 6. 
~7 Anon., Eastman Organic Chemicals, List 36, 36 Ed. Eastman 
Kodak Company, Rochester, N. Y. March, 1949. p. 150. 
•• Hodgman, c. D., Editor. Handbook of Chemistry and Physics, 
33 Ed. Chemical Rubber Publishing Co., Cleveland, Ohio, 
1951. p. 875 
•~ Lange, w. A., Handbook of Chemistry, Handbook Publishers, 
Sandusky6 Ohio 6 1949. P• 647. 
80 Sax, N. I., Handbook o£ Dangerous Materials, Reinhold Pub-
lishing Corp., New York, N. Y., 1952. p. 102. 
Possesses extremely low vapor pressure (developed 
ror making seals in vacuum systems operating at 
less than 10-6mm). (Recorrnnended. solvent~ ethyli-
dene chloride~ Eastman.) 51 Dow Corning Corp. 
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DRI-FILM 9987 ~ a colorless~ vola tile ·ruming liquid or 
low viscosity. A mixture o~ methyl chlorosilanes~ 
it behaves~ in many respects, like a strong acid~ 
is corrosive and ~lammable and reacts with atmos-
pheric moisture readily (rumes strongly). Directions 
on the container state that it should be applied 
by saturating a cloth which is rubbed on a pre-
viously cleaned sur~ace until an oily rilm is pro-
duced. Store out o£ contact with air. Handle 
with. rubber gloves. Batch No. 4.517. General Elec-
trio Company. 
SILICONE RESIN VARNISH~ a water white~ quick drying sili-
cone resin base varnish supplied without rurther 
directions or speci£ications. Batch No. 4330. Gen-
eral Electric Company. 
·SILICONE LIQUID~ Batch No. 4608~ a water white, viscous 
(about 350 centistokes~ estimated) liquid silicone 
resin supplied without rurther speci~ications or 
directions. General Electric Company. 
CARBON TETRACHLORIDE~ ACETONE~ AND BENZENE used as sol-
vents and rinses were f"or the most part ·technical 
8~ Anon.~ Laboratory Apparatus and Reagents, 1950 Ed.~ Arthur 
H. Thomas Company~ Philadelphia~ Pa.~ 1950. p. 1141. 
or USP grades. 
ETHANOL used in ~the alcoholysis of the silanes was 200 
proof CP grade • 
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. ETHYLENE GLYCOL used in the prepa~at ion of the. silicone 
coatings was technical or solvent grade, obtained from 
G. s. Robbins and Co., St. Louis, Mo. 
DISTILLED WATER, used in the preparation and st~rage of the 
sample tubes, and in the generation of steam in the 
boilers, was the single distilled water currently avail-
able in the Chemical Engineering Building, Missouri 
School of Mines. It may have contained very small quan-
ti ties of copper and aluminum ion by contamination from 
the copper still and the aJ.uminum pipes in which it was 
distributed. 
WA'l'ER PUMPED NITROGEN AND CARBON DIOXIDE g.ases used :1.n the 
level controls ani reservoir filling operations were 
selected because they were f'ree of greasy contaminants. 
They were supplied by the Ohio Chemical Corp. and the 
Liquid Carbonic Corp., respectively. 
OT 1. silicone oil treating solution. consisted of 3.82 gr. 
of DC 200 in 118.1 m1. a-tetrachloroethane (1.98 per-
cent DC 200 by wgt.) 
OT 2, silicone oil treating solution. consisted of' 3.11 g. 
of' DC 200 in 95.9 ml. of carbon tetrachloride (1.99 per-
cent DC 200 by sgt.). 
OT 3, silicone oil ·treating solution, consisted of 3·77 g. 
GE silicone resin batch '-~608 in 1112.2 ml. of carbon 
tetrachloride (2 .• 06 percent oil by wgt.). 
RESULTS 
The experimental results of the heat tranofer coeffi-
cient runs pertinent in the calculation of the dropwise film 
coefficients of heat transfer are given in the following 
tables : Tab 1 e I, co 1 u mn s P t , v c , A Hw , T c , T 8 , 8 r , L8 , l-1 w , 
T 0 , T1, and fc (determined by Tern t~bulated in Appendix II); 
Table II, columns D0 , Lt, T8 , TB, and ~flw; Table III, columns 
D0 , Lt, T8 , TB, and Ww· They are accompanied in these tables 
~y the more important intermediate values calculated from them 
as well as the final results of the calculations--the dro~ 
wise ~ilm coefficients--which appear at the end o~ Tables 
III and IV. 
Intermediate calculated values are included which may 
facilitate the checking and interpretation of the final results 
as well as those which may prove useful to other types of 
investigations using the experimental data here presented. 
Table I reports the agreement of the values o~ the total 
amount of heat transferred per run as calculated from con-
densate and from cooling water data, a check on the accuracy 
of the measurements. Table II presents an evaluation of the 
lumped tube wall and water side resistance to heat flow as 
calcula.ted from experimental da.ta in Tables I and II, as well 
as an evaluation of the overall coefficients of heat transfer 
~or each ·or the film type ru~s. Table III shows the calcul-
ation of the dropwise film coefficient from the lumped re-
sistances tabUlated in Table II and dropwise overall coe:r-
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ficients calculated from experimental data in this table. 
Table IV gives dropwise coef~icients corrected for heat flux 
effect. Detailed sample calculations are given in the next 
section (pp. 139-142). 
The highest coefficient obtained during this series of 
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measurements for dropwise condensing surfaces was 58523 
BTU/{hr.)(rt2 )(°F) with all coefficients detennined ave raging 
3590+ BTU/{hr.)(rt2 )(°F}i. The range of the middle 8~~ o:f 
the coe:f:ficients was 894 to 4975 BTU/(hr.)(:rt2 )(°F). All 
o:f these coefficients have been adjusted by the heat flux 
correction :for internal comparison. 
A complete description o:f the column headings and their 
units may be :found on pp. 127-132. The same nomenclature 
is used as that listed in the Table or Nomenclature, 
Appendix I on pg. 178 which may be :folded out :for ready 




HEA.T BALANCE CALCULATIONS 
hun Condensing Steam Heat 
No. Pt {'t.Hg) Pt(psi) ~ s v · c We ~sWc 
l-1-H 26.95 11+.18 539-3 2_52. 7 0. 9927 2_50.9 1.353 
1-2-H 28.96 14.18 539-3 296.5 0.9938 294-7 1.589 
1-3-H 20.97 14.19 539-3 290.7 0.9928 288.6 1.556 
1-4-H 28.98 14.19 539·3 282.5 0.9931 280.6 1.513 
2-1-H 28.95 14.18 539-3 202.0 0.9924 200.5 1.081 
2-2-H 2t>.98 14.19 539-3 - 208.5 0.9926 207.0 1-.116 
2-3-H 29.00 14.20 539-3 224.5 0.9941 223.2 1.204 
2-4-H 28.95 14.18 539-3 200.0 0.9922 198.4 ·1.070 
3-1-H 29.18 14·29 .539-2 259·5 0.9950 258.2 1.392 
3-2-H 29.17 14.29 539-2 192.5 0.9945 191.4 1.032 
3-3-H 29.00 14.20 539·3 276.5 0 ·. 9938 274.8 1.4b2 
3-4-H 29.00 14.20 539.3 250.5 0.9933 248~8 1.342 
1-1-F 29.90 14.64 538.7 247-5 0.9911 245··3 1.321 
1-2-F 29o90 14.64 538.7 261.5 0.9913 259-2 1.396 
1-3-F 30.05 14.72 538.6 263.3 0.9930 261.5 1.408 
1-!t.-F 30.03 14.71 538.6 203.0 0.9924 201.5 1.085 
1-5-F 29.76 14.58 538.8 2.52-3 0.9937 250.7 1.351 
1-6-F 29.64 14.52 538.9 277-2 0.9924 275.1 1.483 
1-7-F 29.65 14.52 538.9 24-4.0 0.9927 242.2 1.305 
1-8-F 29.66 14.53 538.8 232.4 0.9933 230.8 1.244 
1-9-F 29.67 14 •. 53 538.8 219.4 0.9937 218.0 1.175 
1-10-F1 29.71 1)+.55 538.8 228.3 0.9933 226.8 1.222 
1-11-F 29-71 14 . . S5 538.8 . 232.2 0.9922 230.4 1. 241 
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Run 1Ft ~'Hg ) 11-' t ( p s i ) I ~s I vc I f'c I we I As we 
1-12-F 29-78 14.58 538.8 230.5 0.9928 228.8 . 1. 233 
1-13-1? 28.85 14.13 539-3 284.0 0.9934 282.1 1.521 
1-14-F 28.83 14.12 539·3 241.2 0.9932 239.6 1. 292 
1-1_5-F 28.83 14.12 539-3 287.6 0.9934 285.7 1.541 
1-16-F 28.83 14.12 539·3 250.0 0.9930 248.2 1-339 
1-17-F 28.97 14.19 539.2 242.0 0.9935 240 •. 4 1.296 
.1-lo-F 29.01 14.21 539.2 243.0 0.9934 241.4 1.302 
1-19-P 29.03 14.22 539.2 . 270.5 0.9937 268.8 1 .• 449 
1-20-F 29.02 14.21 539.2 279·5 0.9934 277-7 1.497 
1-21-F 28.98 14.19 _539. 2 236.2 0.9939 234-5 ·1. 264 
1-22-F 28.96 14.18 539-3 261.0 0.9936 259-3 1.398 
1-23-F 28.95 14.18 539-3 281.2 0.9928 279-2 1.506 
1-24-1;-t 28.95 14.18 _539 ·3 269.3 o ·• 993L~ 267.5 1.41-J-3 
1-25-F 28.91 14.16 539·3 236.6 0.9930 234-9 1.267 
1-26-F 28.91 14.16 539-3 243.1 0.9922 241.2 1. 3CJ_ 
1-27-F 28.91 14.16 539-3 276.1 0.9947 274.6 1.481 
1-28-F 28.91 14.16 539-3 276.5 0.9924 274-4 1.480 
1-1-FW 28.91 14.16 539·3 249.2 0.9926 247-4 1.334 
1-2-FVi 28.93 14.17 539-3 250.3 0.9934 248.6 1.341 
1-3-FW 28.94 14.17 539-3 251.0 0.9912 248.8 1.342 
2-1-F 30.00 14.69 538.7 181.0 0.9957 100.2 0.971 
2-2-F 29-98 14 •. 68 _538 ~ 7 203.3 0.9970 202.7 1.092 
2-3-F 29-76 14.58 538.8 202.5 0. 9929 201.1 1.084 
2-4-F 29.76 . 14.5d 536.8 . 204.8 0.9932 203.4 1.096 
2-5-F 29-70 14.55 538.8 262.6 0.9944 261.1 1.407 
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Bun OPt t'Hg ) I f' t ( ps i ) I As I Vc I Po I We I Xswc 
2-6-F 29.70 14.55 538.8 182.4 0.9944 1ti1.~- 0.977 
2-7-F, 29.75 14.57 538.8 176•5 0.9941 177 .}+ 0.956 
2-S-F 29.77 14.58 536.8 1?0.5 0.9941 169.5 0.913 
2-9-F 29.00 14.20 539-2 172-3 0.9946 171.4 0.924 
2-10-F' 29.02 lt~. 21 539-2 195.2 0.9945 19~--1 1.046 
2-11-F 29.02 14.21 539.2 198.8 0.9945 197-7 1.066 
2-12-F 29.02 14.21 .539. 2 198.0 0.9947 19?.0 1.062 
2-13-F, 28.99 14.20 539.2 · 172.5 0.9940 171.5 0..925 
2-14-~., 28.97 14.19 539.2 175.6 0.9948 174-7 0.942 
2-15-F 26.95 14.18 .539·3 197.5 0 ··994-6 196.4 . 1.059 
2-16-F' 20.94 14~17 539·3 199.2 0.9944 198.1 1.068 
2-17-F 28.91 14.16 .539·3 189.1 0.9938 187.9 1.013 
2-18-F' 28.91 14.16 539·3 186.2 0 •. 9934 18_5.0 0 •. 998 
2-19-F' 28.91 14.16 539·3 212.0 0.9930 210.5 1.135 
2-20-F 28.92 14.16 539·3 219.2 0.9930 217.7 1.174 
2-21-F 29.05 14.23 539.2 232.5 0 •. 9927 230.8 1. 21+4 
2-22-F 29.04 14.22 539.2 230.4 0.9931 228.8 1.234 
2-23-F 29.07 14.24 .539.2 235-7 0.9930 234.0 1.262 
2-24-F 29.07 14.24 539-2 235-5 0.9935 234.0 1. 262 
2-25-F, 29 .cl~ 14.22 539.2 162.2 0.9934 181.1 0~976 
2-26-F 29.04 14.22 539-2 181.5 0.9932 180.3 0.972 
2-27-F 29.08 14.24 539·2 lb2.0 o. 993Lt- 160.8 0.975 
2-28-F 29.06 . 14.23 539.2 207.0 0.9935 20.5 •. 7 1.109 
2-1-FW 28.92 14.16 539·3 196.5 0.99)+7 195 .lt- 1.054 
2-2-F'W 26.94 14.17 539. 3· 210.3 0.9926 200.7 1.125 
83 
Run llpt ~Hg) I P t (psi) I }\s I Vc I /'c I we I Aswc 
2-3-F'W 29.00 1}+. 20 539.2 1_91.8 0.9943 190.7 1.028 
1-1-D 28.91 11+.16 539·3 239.0 0.9930 237·3 1.280 
1-2-D 28.90 11~.15 539·3 242.0 0.9926 240.2 1.295 
1-3-D 28.88 14.14 539·3 250.0 0.9934 248. 1-t .. 1.340 
1-4-D 28.98 14.19 .539·2 251.5 0.9905 249.1 1.343 
1-5-D 28.9? 14.19 539.2 252.2 0.9904 249.8 1.347 
1-6-D 28.96 14.18 539·3 251.7 0.9904 249-3 1.344. 
1-7-D 2o.92 lj+.16 539·3 242.0 0.9911 239.8 1.293 
1-6-D 26.90 14.15 539·3 254-5 0.9911 252.2 1.360 
1-9-D 28.92 14.16 539·3 238.5 0.9912 236.4 1.275 
1-10-D 8 6 2 .9 .. 14.18 .539·3 252.0 0.9913 249.8 1.J47 
1-11-D 28.93 14.17 5~9·3 254.6 0.9910 252-3 1.361 
1-12-D 28.92 14.16 539·3 261.3 0.9905 258.8 1.396 
1-13-D 26.91 14.16 539·3 248.0 0.9922 246.1 1.327 
1-14-D 28.93 14.17 539·3 264.6 0.9919 262.4 1.415 
1-l5-D 28.92 14.16 539·3 254.0 0.9923 252.0 1.J59 
1-16-D 28.92 14.16 539·3 256.0 0.9908 253.6 1.368 
1-17-D 26.94 14.17 539-3 264.3 0.9913 262.0 1.413 
1-18-D 2d.94 14.17 539-3 26~-· 3 0.9907 261.8 1.412 
1-19-D 20.93 14.17 539-3 236.7 0.9924 234-9 1.267 
l-1-DW 28.96 14.16 539·3 244.0 0.9957 243.0 ·1.)10 
. ·2-1-D . 28.90 14.15 539-3 199.0 0.9932 19?.6 1.066 
2-2-D 28.89 14.15 539·3 197-b 0.9935 196.5 1.060 
.;. ·2-3-D 28.87 14.14 539 ·3 . 205.0 0.9930 . 203.6 1.098 
~ ~ · 
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Ruh I(Pt ("Hg ) I p t c ps i > I ~s I Vc I Pc·· I We I .As we 
2-4-D 26.98 14.19 539.2 201.5 0.9926 200.0 1.0?8 
2-~-D 28.98 14.19 539·2. 262.·5 0.9916 200.8 1.083 
2-6-D 26.96 14.18 539·3 1b6.o 0.9922 184.5 0.995 
2-7-D 26.91 14.16 .539·3 19?.8 0.9919 196.2 1.058 
2-8-D 28.89 14.1.5 539·3 19'"{.0 0.9922 195.5 1.0.54 
2-9-D 28.93 14.17 539·3 147.6 0.9934 146.6 0.791 
2-10-D 26.96 14.1b .539 ·3 135.0 0.9931 134-.1 o. 7•23 
2-11-D 28.92 14.16 539·3· 112.b 0.9930 112.0 o..6o4 
2-12-D 28.91 1L1 .• 16 539·3 126.0 0 (-'·9" i • ':' .:> 12.5.1 o.675 
2-13-D 28.92 14.16 539·3 205 •. 8 0.992? 204· 3 . 1.102 
2-14-D 28.92 14.16 539·3 201.8 0.9932 200.4 ·1.081 
2-15-D 28.93 14.17 539·3 ·207.0 0.9924 205 ·~- 1.108 
2-16-D 28.92 14.16 539·3 205.4 0.9917 20).7 1.098 
2-17-D 28.94 14.17 539·3 204.2 0.9918 202.5 1.092 
2-18-D 28.94 1L...17 539·3 207.1 o. 994-o 205.8 1.110 
2-19-D 28.9!t 14.17 539·3 205.3 0.995:;2 204·3 1.102 
2-1-DW 28.95 14.18 539·3 207.2 0.9927 205.7 1.109 
as 
TABLE I - HEAT BALANCE CALCULATIONS (CONT'D) 
Run Condens~g Steam Heat Lid Corr. 
No. 4Hw Tot. 
1-1-H 0.70 53·5 95·7 42.2 1.059 1~.59 33.0 62.7 
1-2-H 0.48 68.0 96.3 38.3 1.129 17.02 42.8 53-5 
1-3-li o.47 6e.c 96.0 35.0 1.097 16.66 LJ-2. 9 51.3 
1-4-H o.63 54.c 95.6 4J_.6 1.167 16.30 38.4 57.2 
2-1-fi c.6o r'ri 8 :;:J;;;). 93.8 )8.(, 0.(62 11.57 35·4 58.4 
2-2-ll 0.50 57.2 94.0 36.o 0.762 11.92 44-4 49.6 
2-3-E 0 •. 1+0 59.1 93.E. 34.5 0.770 12.81 37.6 56.0 
2-4-E 0.78 52.b 93·7 40.9 0.811 11.51 33.0 60.7 
3-1-E o.65 54·5 95·4 40.9 1.056 14.98 39.0 56.4 
3-2-H 1.5'" 50.0 95-2 45.2 0.865 11.18 28.0 67.2 
3-3-H 0.61 50.5 96.3 45.8 1.258 16.08 46.8 49·5 
3-4-H 0.94 51.7 95·7 44.0 1.095 14.52 34·3 61.lJ-
1-1-F 0.70 53·1 96.3 42.6 1.045 14.26 )0.2 66.1 
1-2-F 0.75 53.1 96.5 43·4 1.125 15.08 30.7 65.8 
1-3-F 0.45 58.4 96.2 37.8 0.988 15.07 35.8 60.4 
1-4-F o.87 52.0 95.8 43.8 O.b53 11.73 29.2 66.6 
1-5-F 0.95 51.4 94·9 43-5 1.091 14.60 31.6 63.3 
1-6-F 0.70 53·7 95·9 42.2 1.160 15.99 40.2 55·1 
1-7-:.~ 0.90 51.8 96.2 44·4 1.075 14.12 33.8 62.4 
1-8-F o.48 57·7 96.3 38.6 0.891 13.33 43·3 53.0 
1-9-F 0.20 65.9 96.6 30.9 c.674 12.42 58.3 )8.5 
1-10-F 0.71 .53.6 95·4 41.6 0.94b 13.17 37.2 5&.2 
1-11-F 0.85 52.2 95.8 43·6 1.004 13.41 33·4 62.4 
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Run Tc T s 'l1ot. Ts-ir45 
1-12-B"i 0.30 62 •. 5 96.0 3.3 .5 0.766 13.10 48.8 47-2 
1-1.3-F 0.78 .~2. 7 96.1 43-4 1'.224 16.43 39-1 57.0 
1-14-F 0.57 56.2 95-9 39-7 0.951 13.87 ~-1.1 54.8 
1-15-F 0.32 61.9 96.7 34.8 0.994 16. L~o 52.2 44-5 
1-16-F 1.35 50.3 96.2 45·9 1.139 14.53 33-4 62.8 
1:...17-P 0.97 _51.3 95-9 I I 6 44· 1.072 14.03 35-4 60 •. 5 
1-1b-P 0.65 54.6 96.) 41.7 1.007 14.03 40.8 55~5 . 
1-19-F' 0.52 .5l.O 95.8 )8.8 1.043 1.5-53 4Lt-.1 .51. 7 
l-2C-F 0.31 62.2 96.7 34-5 0.95e 15.93 55.3 }+1·4 
1-21-F 1.23 50.5 95-9 4.5-4 1.065 13!71 30.2 65.7 
1-22-F 0.81 52-4- . 95.8 43-4 1.125 15.11 35.2 · 6o.6 
1-23-F 0.52 57.0 96.7 39-? 1.108 16 •. 17 ~.2 52.5 
1-24-F 0.30 62.5 96.5 34 .• 0 0.910 ·15 -34 51.8 L~.7 
1-25-F 0.95 51.4 95-9 44-5 1.045 13-72 36.2 •59-7 
~-26-F 0.73 53-3 96.2 42.9 1.03.5 1-4.04 . 40.2 56.0 
l-27-F 0.50 57-3 96.5 39-2 1.076 15.89 45.7 50.8 
L-28-F 0.30 62.5 96.9 34-4 0.944 1.5.74 55.8 41.1 
~-1-FW 1.02 6b.7 96-4 27-7 0.685 14.02 39-4 57.0 
.·-2-PN 0.75 62.0 96.3 34-3 0.853 14.26 42-4 53·9 . 
·-3-FW 0.56 62.8 96.8 34-0 0.846 14.27 . 45.8 51.0 
.. ·: :•. 
'2-1-F 0.52 _50.3 93-3 43.0 0.775 10.48 33.2 60.1 
2-2-F 0.40 51.7 94·4- '42.7 0.866 11.79 40.6 53.8 
2-3-F 0.45 52.6 94.Ll 4.1. 8 0.841 11.66 35.0 59·4 
~-4-F 0.70 47.8 94-1 4~-3 0.942 11.90 33.6 60.3 
~-5-F 0.67 49·7 93-7 44-0 ·1.149 1_5.22 34.6 59.1 
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Run I fa. (Tc I T ITs-Tc Fs;•c I Tot. IIT~5 Fs-T~5 s 
2-6-F 0.96 46.6 93.7 47.1 . 0.854 10.62 33·9 59.8 
2-7-F 0.55 50.8 93.4 42.6 0.756 10.32 35·4 58.0 
2-8-F 1.00 45.5 93·3 47.8 0.810 9·94 29.0 64.3 
2-9-F 0.95 46.5 92.9 46.4 0.795 10.04 32.9 6o.o 
2-10-F 0.56 51.0 93·3 42.3 0.821 11.28 38.6 54·7 
2-11-F o.4J. 51.9 93·3 4J..4 0.818 11.)+8 42.4- 50.9 
2-12-F 0.70 47.8 93.1 45.3 0.892 11.51 37.0 56.1 
2-13-F 1.00 45.5 92.7 47.2 0.809 10.06 31.2 61.5 
2-14-F 0.70 4?.8 93·3 45.5 0.795 10.22 34·4 58.9 
2-15-F 0.52 50.3 93.6 43·3 0.850 11.44 39.2 54.4 
2-16-F 0.32 53.8 93.8 4o.o 0.792 11.47 44.8 49.0 
2-17-F 1.21 4J+.6 93·4 48.8 0.917 1.1.05 32.1 61.3 
2-18-F 0.77 48.6 93·5 44·9 0.831 10.81 37·7 55.8 
2-19-F 0.50 50.0 93.8 43.8 0.922 12.27 42.6 51.2 
2-20-F 0.31 53.4 94.4 4-J..o 0.893 12.63 48.6 45.8 
2-21-F 1.05 45.8 96.5 50.7 1.170 13.61 30.4 66.1 
2-22-F 0.74 48.2 96.2 48.0 1.098 13.44 33.6 62.6 
2-23-F 0.51 50.2 96.2 46.0 1.076 13.70 41.0 55.2 
2-24-F 0.37 54·7 96.3 4J..6 0.973 13.59 47.8 48.5 
2-25-F 1.08 46.0 93·3 47·3 o.B57 10.62 35.4 57·9 
2-26-F 0.72 48.0 93·3 45.3 o.817 10.54 38.3 55.0 
2-27-F 0.54 50.7 93·4 42.7 0.772 10.52 40.2 53.2 
2-28-F 0.30 53.3 94.0 40.7 0.837 11.93 49.4 44-6 
2-1-FW 1.20 6o.o 94.1 34.1 0.666 11.21 36.2 57·9 
2-2-FW 0.70 58.3 94.6 36.3 0.758 12.01 41.3 53·3 
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Run ILl H.., lTC I T ITs-To Esc•c I Tot. IT45 1Ts-T45 s 
2-3-FW o.63 58.5 94.6 36.1 . o.688 10.97 42.1 52.5 
1-1-D 1.03 45·7 96.6 50.9 1.208 14.01 32.8 6).8 
1-2-D o.65 49·4 96.3 46.9 1.126 14.08 40.6 55.7 
1-3-D o.48 53.1 96.6 43·5 1.081 14.4-8 46.0 50.6 
1-4-D 0.77 48.6 96.8 48.2 1.201 14.63 38.2 58.6 
1-5-D 0.50 50.0 97.0 47.0 1.174 14.64 45.8 5i.2 
1-6-D 0.37 54-7 97.1 42.4 1.057 14.50 51.0 ·46.1 
1-7-D 0.94 46.4 96.5 50.1 1.201 14.13 34-3 62.2 
1-8-D 0.70 47-8 96.6 48.8 1. 231 14.83 37.8 . 58.8 
1-9-D o.4o 51.7 96.8 45.1 1.066 13.82 50.8 46.0 
1-10-D 0.98 46.8 96.9 50.1 1. 251 14.72 40.8 56.1 
1-11-D o.64 49·3 96.9 47.6 1.201 14.81 44.1 52.8 
1-12-D 0.36 54.5 97.2 42-7 1.105 15.07 55.8 41.4 
1-13-D 0.75 48.4 96.9 48.5 1.194 14.46 38.9 58.0 
1-14-D o.44 52.4 97·3 44-9 1.178 15.33 49.4 47-9 
1-15-D 0.56 51.0 96.8 45.8 1.154 14.74 45.4 51.4 
1-16-D 1.02 45·7 97.2 51.5 1.306 14.99 34.4 62.8 
1-17-D 0.75 48.4 97.2 48.8 1.278 15.41 43.6 53.6 
l-18-D 0.55 50.8 97·4 46.6 1.220 15.34 47·9 49.5 
1-19-D 0.71 47·9 96.1 48.2 1.132 13.80 39.8 56.3 
1-1-DW 0.93 .46.4 97-0 . 50.6 1.230 14.33 42.1 54·9 
2-1-D 0.91 46.2 94-7 48.5 0.958 11.62 34.0 60.7 
2-2-D 0.59 51.5 94.8 43•3 0.851 11.45 38.6 56.2 
. 2-3-D o.4o 51.7 95.2 43·5 0.886 11.87 46.4 48.8 
Run ~~a. I Tc I T [Ts-Tc ~Tsc•c I Tot II T45 ITs -T4.5 s 
2-4-D 0.72 48.0 95.2 47.2 . 0.944 11.72 36.8 58.4 
2-5-D 0.49 53.2 95.2 42.0 0.843 11.67 4-3.6 51.6 
2-6-D 0.)0 53·3 94·9 4J..6 0.768 10.72 49.4 45.5 
2-7-D 1.08 46.0 95.0 49.0 0.961 11.54 35.8 59.2 
2-8-D o.6o 48.9 94·9 46.0 0.899 11.44 42-3 52.6 
2-9-D o.43 52.2 95.1 42-9 0.629 8.54 49.2 45.9 
2-10-D 1.00 45-5 95.1 49.6 0.665 7.90 35.6 59.5 
2-11-D o.65 49·4 95.8 46.4 0.520 6.56 41.2 54.6 
2-12-D 0.38 54·9 95·7 40.8 0.510 7.26 48.6 47.1 
2-13-D 0.98 46.8 94.8 48.0 0.981 12.00 37·4 57-4 
2-14-D 0.57 51.2 94.8 43.6 0.874 11.68 44.6 50.2 
2-15-D o.4o 51.7 95.1 43-4 0.891 11.97 48.8 46.3 
2-16-D 1.00 45.5 94·9 49-4 1.006 11.99 )6.4 58.5 
2-17-D o.68 49.8 95.1 45-3 0.917 11.84 40.8 54.3 
2-18-D o.so 50.0 95.1 45.1 0.928 12.03 45.6 49·5 
2-19-D 0.61 49.0 95.1 46.1 0.942 11.96 42.6 52.5 
2-1-DW o.65 49-4 95.2 45.8 0.942 12.03 43.0 52.2 
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TABLE I - HEAT BALANCE CALCULATIONS (CONT'D) 
Run Lid Correction Heat Cooling Water Ht. 
In-
No. er 1 . L si\ J 'CL ·Put •w f To , Tl 
1-1-H 27.00 0.5625 0.3128 14.90 8160 37.48 18.26 
1-2-H 27.75 0.5625 0.2708 17.29 6824 44-.65 18.83 
1-3-H 27.00 0.5625 o. 2526 16.91 6551 44.59 18.78 
1-4-H 27.00 0.5625 0.2819 16.58 7571 ~0.58 18.55 
2-1-H 27.00 0.5938 0.3037 11.87 7115 37.54 19.61 
2-2-H 27 .oo 0.5938 0.2576 12.18 5525 42.61 20~84 
2-3-H 29.00 0.5938 0.3126 13.12 6171 38.22 17.00 
2-4-H 27 .oo 0.5938 0.3155 11.83 8480 . 34.14 l9.54 
3-1-H 27.00 0.5938 0.2932 15.27 6611 40.55 20.60 
3-2-H 20.00 0.5938 0.2588 11.44 7427 33.02 18.64 
3-3-H 26.33 0.5938 o. 2509 16.33 5572 48.03 21.08 
3-4-H 24,.oo 0 • .5938 0.2837 14.80 7860 38.59 19.23 
l-1-F 24-.oo 0.5938 0.3054 14.56 7376 36.01 15.88 
1-2-F 24.00 0.5938 0.3041 15.38 7625 36.24 15.63 
1-3-F 27.00 0.5938 0.3140 15.38 6297 42.00 17.54 
1-4-F 21.00 0.5938 0.2693 12.00 7182 34.80 17.50 
1-5-F 27.00 0.6250 0.3464 14.95 9454 )6.02 19.80 
l-6-F 27 .oo 0.6250 0.3048 16.30 7735 40.64 19.26 
l-7-F 25.00 0.6250 0.3161 14.44 8483 36.43 18.90 
l-8-F 2J+.oo 0.6250 0.25?8 13.59 5805 43.01;- 19.81 
l-9-F 24.00 0.6562 0.1966 12.62 3578 56.49 21.01 
l-10-F 24.00 0.6562 . 0.2972 13.47 7008 38.94 19.75 
1-ll-F 24.00 o.6562 0.3187 . 13.73 8028 37_.18 19.96 
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Run II e r I L.s~, I <;_ II Ht. Ip. II ww I To I T1 
1-12-F 24.00 0.6562 o.24J-1 13.34 4608 4-9.21 20.77 
1-13-F 27.00 0.6250 0.3119 16.74 8559 38.58 19.45 
1-14-F 24.00 0.6250 0.2665 14.14 6473 41.42 19.57 
.1-15-F 27.00 0.6250 0.2435 16.64 5348 50.66 20.44 
1-16-F 24.00 0.6250 0.3054 14.84 9707 33·71 18.92 
1-17-F 24.00 o.625o o. 2943 14.32 8504 36.29 19.90 
1-18-F 24.00 0.6250 0.2700 14.30 6877 4o.6o 20.01 
1-19-F 27.00 0.6250 0.2829 15.81 6812 43.05 20.20 
1-20-F 29.50 0.6250 0.2475 16.18 .5460 51.81 21.00 
1-21-F 24.00 0.6562 0.3355 14.05 9508 33.26 18.83 
1-22-F 27.00 0.6562 0.3481 15.46 8617 37.12 18.89 
1-23-F 27.00 0.6562 0.3016 16.47 6851 44.06 19.84 
1-24-F 27.00 0.6562 0.2568 15.60 5057 51.19 20.28 
1-25-F 24.00 0.6562 0.3049 14.02 8313 )6.40 19.70 
1-26-F 24-.oo 0.6562 0.2860 14.33 7106 40.4.4 19.83 
1-27-F 27 .oo 0.6562 0.2918 16.18 6665 44.87 20.26 
1-28-F 27.00 0.6562 0.2361 15.98 5094 53-33 21.06 
1-1-FW 24.00 0.5625 0.1725 14.19 8980 39·24 22.43 
l-2-FW 24.oo 0.5625 0.1856 14.44 6961 42.71 23.58 
l-3-FW 24.oo 0.5625 0.2005 14.47 6406 45.63 23.41 
2-l-F 24.00 o.6875 0 ·3215 10.80 6011 34.27 16.54 
2-2-F 27 .oo 0.6875 0.3238 12.11 5591 40.55 19.46 
2-3-F 27.50 0.6875 0.3641 12.04 6092 39.82 20.52 
2-4-F 27.00 0.6875 0.3238 12.22 7622 36.35 20.)2 
2-5-F 35.00 0.5625 0.3773 15.60 10266 34.61 19.44 
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Run IJ er I Ls-' I CL IIHt.Ip. (I •w I To I T1 
2-6-F 24.00 0.5625 0.2618 10.88 8381 32.41 19.17 
2-7-F 24.00 0.5625 0.2539 10.57 5930 37.67 19.99 
2-8-F 24-.oo 0.5625 0.2815 10.22 8429 31.41 19.04 
2-9-F 24-.oo o.6875 0.)210 10.)6 7991 32.56 19.14 
2-10-F 27.00 0.6875 0.3238 11.60 6748 37 .4-o 19.76 
2-11-F 27.00 o.6875 0.3238 11.80 5724 40.68 20.01 
2-12-F 27.00 o.6875 0.3377 1-1.85 7617 35.16 19.39 
2-13-F 24.00 o.6875 0.3290 10.39 8631 31.48 19.15 
2-14-F 24-.oo 0.6875 0.3151 10.54 6929 35.15 19.43 
2-15-F 27 .oo 0.6875 0.3274 11.77 6270 39-10 20.04 
2-16-F 27.00 0.6875 0.2949 11.76 5057 43.38 20.47 
2-17-F 24-.oo o.6562 0.3131 11.)6 9406 31.88 19.60 
2-18-F 24-.oo 0.6562 0.2850 11.10 7257 36.oo 20.11 
2-19-F 27.00 0.6562 0.2941 12.56 6406 40.35 20.85 
2-20-F 27.50 0.6562 0.2680 12.90 5243 45.64 21.53 
2-21-F 24.00 o.6875 0.3536 13.96 9338 34-91 19.90 
. 2-22-F 24.oo o.6875 0.3349 13.77 7221 38.62 19.93 
2-23-F 24.00 0.6875 0.2953 14.00 6055 43-38 20.06 
2-24-F 25.05 o.6875 0.2708 13.86 5034 47-74 20.43 
2-25-F 24.00 0.6562 o. 2957 10.92 8821 32.44 19-74 
2-26-F 24.00 0.6562 0.2809 10.82 71.51 35.64 20.10 
2-27-F 24-.oo 0.6562 0. 2717 10.79 6049 38.70 20.50 
2-28-F 27.00 0.6562 0.2562 12.19 4696 46.78 21.39 
2-1-FW ·24.08 0.5625 0.2543 11.46 9491 34.90 22.18 
·2-2-FW 24.oo 0.5625 0.2333 12.24 7059 40.18 22.93 
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Run II er I L,.., I G. II Ht. Ip. II •w I To I T1 
2-3-FW 24.00 0.5625 0.2298 11.20 64-74 40.42 23.50 
l.-1-D 24-.oo 0.6250 0.)103 14•32 8972 35-74 . 20.07 
. 1-2-D 24-.oo 0.6250 0.2709 14.35 6900 41-31 20.75 
1-3-D 24.00 0.6250 0.2461 14.73 5912 45-50 20.90 
1-4-D 24.00 0.6562 0.2993 14.93 7672 40.88 21.72 
1-5-D 24.00 0.6562 0.2615 . 14.90 5925 46.97 22.44 
1-6-D 24.12 0.6562 0. 2366 14.74 5011 51.78 22.68 
1-7-D 24.00 0.5938 0.2874 14.42 8460 39.11 22.25 
1-8-D 24.00 0.5938 0. 2717 15.10 7480 41.79 21.68 
1-9-D 24.00 0.5938 0.2126 14.03 5207 49.84 22.14 
1-10-D 24.20 0.6250 0.2751 15.00 8796 )8.79 22.02 
1-11-D 24-25 0.6250 0.2594 15.07 6998 43.11· 22.18 
1-12-D 24-.oo 0.6250 0.2014 15.27 4775 53.67 23 .o2· 
1-13-D 24.00 0.6562 0.2962 14.76 7749 40.75 22.33 
1-14-D 24-.oo o.6562 0.2446 15.57 5437 49.86 23.47 
1-15-D 24.00 0.6562 0.2625 15.00 6256 45.28 23.08 
l-16-D 24-.oo 0.6562 0.)207 15.31 8943 38.79 22.07 
1-17-D 24.00 0.6562 o. 2737 15.68 7261 42.90 21.52 
1-18-D 24.oo 0.6562 o. 2528 15.59 6420 46.05 22.00 
l-19-D 24.50 0.6250 0.2795 14.08 7279 41.73 22.02 
1-1-DW 24.00 0.5625 0.2403 14.57 8303 39-58 21.76 
2-1-D 24-.oo 0.5625 0.2657 11.88 7932 35.15 20.20 
2-2-D 24-.oo 0.5625 o.246o 11.70 6338 39.06 20.62 
2-3-D 24.00 0.5625 0.2136 12.08 5029 44··36 21.26 
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Run II ar I Lsi, I Q_ II Ht. Ip ·II ww I To I Tl 
2-4-D 24.00 0.6875 0.3125 12.03 7400 37-96 21.55 
2-5-D 24.00 0.6875 o. 2760 11.95 5409 43.83 23.02 
2-6-D 24.00 0.6875 0.2434 10.96 4274 49.)+1 23-97 
2-7-D 24-50 0.6875 0.3234 11.86 9073 34.61 21.74 
2-8-D 24.00 0.6875 0.2815 11.72 6328 40.59 22.33 
2-9-D 24.08 0.6875 0.2463 8.78 5128 44-.76 22.74 
2-10-D 24.00 0.6562 0.3038 8.20 8365 35.59 21.59 
2-11-D 23.00 0.6562 0. 2673 6.98 6599 40.42 22.36 
2-12-D 24.00 0.6562 0.2405 ?.50 4914 46.32 23.25 
2-13-D 24.50 o.6875 0.3136 12.31 8470 36.35 21.77 
2-14-D 24.00 0.6875 0.2686 11.95 5965 41.94 22.39 
2-15-D 24.00 0.6875 0.2477 12.22 5141 45 .1~9 22.75 
2-16-D 24.00 0.6875 0.3130 12.30 8700 35.93 21.84 
2-17-D 24.00 0.6875 0.2906 12.13 6838 40.13 22.1~2 
2-18-D 24.00 0.6875 0.2650 12.30 5548 44.17 22.74 
2-19-D 24.00 0.6562 0.2681 12.23 6454 40.98 22.06 
2-1-DW 24-.oo 0.5625 0.2285 12.26 6642 40.56 22.39 
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TABLE I - HEAT BALANCE CALCULATIONS {CONT'D) 
Run Cooling Water Ht Summary 
' No. TO-Tl Ht.Op. Dif'f' ZDi££ 
1-1-H 19.22 15.68 0.78 5-23 
1-2-H 25.82 17.62 0.33 1.91 
1-3-H 25.81 16.91 0 0 
1-4-H 22.03 16.68 0.10 0.603 
2-1-H 17.93 12.76 0.89 7-50 
2-2-H 21.77 12.03 0.16 1.31 
2-3-H 21.22 13.09 0.03 0.23 
2-4-H l4.6o 12.38 0.55 4.65 
3-1-H 19.95 13.19 2.08 13.62 
3-2-H 14.38 10.68 0.76 6.64 
3-3-H 26.95 15.02 1.31 8.02 
3-4-H 19-36 15.22 0.42 2.84 
1-1-F 20.13 14-.85 0.29 1.95 
1-2-F 20.61 1.5.72 0.34 2.16 
1-3-F 24.46 15.40 0.02 0.13 
1-4-F 17.30 12.42 o.42 ).)8 
1-5-F 16.22 15.33 0.38 2.4.8 
1-6-F 21.38 16.54 0.24 1.45 
1-7-F 17.53 14.87 0.43 2.89 
1-8-F 23.20 13.47 -0.12 -0.89 
1-9-F 35.48 12.69 0.07 0.55 
1-10-F 19.19 13.45 -0.02 -0.15 
1-11-F 17.22 13.82 0.09 o.65 
Run II To-T1 (Ht.Op. II Diff' f% Di:rt' I 
1-12-F 28.44 13.11 o.24 1.83 
1-13-F 19.13 16.37 0.37 2.26 
1-14-F 21.85 14.14 O.·O o.o 
1-15-F 30.22 16.16 0.48 2.97 
1-16-F 14.79 14.36 0.48 3·34 
1-17-F 16.39 13.94 0.38 2.72 
1-18-F 20.59 14.16 0.14 0.99 
1-19-F 22.85 15.56 0.25 1.61 
1-20-F 30.81 16.82 o.64 3.80 
1-21-F 14.43 13.98 0.08 0.57 
1-22-F 18.23 15.71 0.25 1.59 
1-23-F 24.22 16.59 0.12 0.72 
1-24-F 30.91 15.63 o.o3 0.19 
1-25-F 16.70 13.88 0.14 1.01 
1-26-F 20.61 14.64 0.31 2.12 
1-27-F 24.61 16.40 0.22 1.34 
1-28-F 32.27 16.44 o.46 2.80 
1-1-FW 16.81 15.10 0.91 6.03 
1-2-FW 19.13 13.32 1.12 8.41 
1-3-FW 22.22 14.23 o.24 1.69 
2-1-F 17.73 10.66 0.14 1.31 
2-2-F 21.09 11.79 0.32 2.71 
2-3-F 19.30 11.76 0.28 2.38 
. 2-4-F 16.03 12.22 o.o o.oo 
2-5-F 15.17 15.57 0.03 0.19 
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Run u To-T1 JHt.Op. II Di.r:r I~ Di:f:f [ 
2-6-F 13.24 11.10 -0.22 1.98 
2-7-F 17.68 10.48 0.09 0.86 
2-8-F 12.37 10.43 -0.-21 2.01 
2-9-F 13.42 10.72 -0.36 3·36 
2-10-F 17.64 11.90 -0.30 2.52 
2-11-F 20.67 11.83 -0.03 0.25 
2-12-F 15.77 12.01 0.16 1.33 
2-13-F 12.33 10.64 0.25 2.35 
2-14-F 15.72 10.89 0.35 ).21 
2-15-F 19.06 11.95 0.18 1.51 
2-16-F 22.91 11.58 0.18 1.55 
2-17-F 12.28 11.55 0.19 1.64 
2-18-F 15.89 11.53 0.43 3·73 
2-19-F 19.50 12.49 0.07 0.56 
2-20-F 24.11 12.64 0.26 2.06 
2-21-F 15.01 14.02 o.o6 0.43 
2-22-F 18.69 13.50 0.27 2.00 
2-23-F 23.32 14.12 0.12 0.85 
2-21}-F 27-31 13.75 0.11 o.Bo 
2...;.25-F 12.70 11.20 0.28 2.50 
2-26-F 15.54 11.11 o. 29 2.61 
2-27-F 18.20 11.01 0.22 2.00 
2-28-F 25.39 11.92 0.27 2.26 
2-1-FW 12.72 12.07 o.61 5.05 
2-2-FW 17.25 12.18 o.o6 o.49 
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Run II To-T1 IHt.Op. II Di:ff' r 7. Dif'f' I 
2-3-FN 16.92 10.95 0.25 2.28 
1-1-D 15.67 14.06 0.26 1.85 
1-2-D 20.56 14.19 0.16 1.13 
1-3-D 24.60 14-.54 0.19 1.31 
1-4-D 19.16 14.70 0.23 1.56 
1-5-D 24·53 14.53 0.37 2.55 
1-6-D 29.10 14.58 0.16 1.10 
1-7-D 16.86 14.26 0.16 1.12 
1-8-D 20.11 15.04 o.o6 0.40 
1-9-D 27.70 14.42 0.39 2.70 
1-10-D 16.77 14.75 0.25 1.695 
1-11-D 20.93 14.65 0.42 2.87 
1-12-D 30.6.5 14.63 o.64 4·37 
1-13-D 18.42 14.27 o.49 3.43 
1-14-D 26.39 14.35 1.22 8.50 
1-15-D 22.20 13.98 1.11 7·99 
1-16-D 16.72 14.95 0.)6 2.41 
1-17-D 21.38 15.52 0.16 1.03 
1-18-D 24.05 15.44 0.15 ·97 
1-19-D 19.71 14.35 -0.27 1..88 
1-1-DW 17.82 14.80 -0.23 1.55 
2-1-D 14.95 11.86 0.02 0.17 
2-2-D 18.41+ 11.69 0.01 o.oB 
2-3-D 2).10 11.62 o.46 3.96 
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Run II To-T1 IHt. Op. II Diff 1 ~Diff 1 
2-4-D 16.41 12.14 -0.11 0.91 
2-5-D 20.81 11.26 0.69 6.13 
2-6-D 25.44 10.87 0•09 0.83 
2-7-D 12.87 11.68 0.18 1.54 
2-8-D 18.26 11.55 0.17 1.47 
2-9-D 22.02 11.29 -2.51 22.23 
2-10-D 14.00 11.71 -3.51 29.97 
2-11-D 18.06 11.92 4.94 41-44 
2-12-D 23.07 11.34 ).84 33.86 
2-13-D 14.58 12.35 0.04 0.32 
2-14-D 19.55 11.66 0.29 2.49 
2-15-D 22.74 11.69 0.53 4·53 
2-16-D 11~. 09 12.26 o.o4 0.33 
2-17-D 17-71 12.11 0.02 0.16 
2-18-D 21.43 11.88 o.42 3-54 
2-19-D 18.92 12.21 0.02 0.16 
2-1-DW 18.17 12.07 0.19 1.57 
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TABLE II - CALCUIA TION OF R1 ( FILMWISE RUNS) 
Run Outside Area Calc. o:r Heat Flux 
No. Do Lt A ~w c1 Net . ~ ~ 0 
1-1-F 2.217 14.76 J-02. 9 14.85 0.305 14.54 0.6058 
1-2-F 2.217 14.76 102.8 15.72 0.304 15.42 0.6425 
1-3-F 2.217 14.76 102.8 15.40 0.314 15.09 0. 5589 
1-4-F 2.217 14.76 102.8 12.42 0.269 12.15 0.5786 
1-5-F 2.220 14.68 102.4 15.33 0.346 14.98 0.5548 
1-6-F 2.220 14 .68· 102.4 16.54 0.305 16.24 0.6015 
1-7-F 2.220 14.68 102.4 14.87 0.316 14.55 0.5820 
1-8-F 2.220 14.68 102.4 13.47 0.258 13.21 0. 55o4 
1-9-F 2.228 14.45 101.1 12.69 0.197 12.49 0. 52o4 
1-10-F 2.228 14.45 101.1 13.45 0.297 13.15 0. 5479 
1-11-F 2.228 14.45 101.1 13.82 0.319 13.40 0.5625 
1~12-F 2.228 14.45 101.1 13.11 0.241 12.87 0. 5362 
1-13-F 2.225 14.53 101.6 16.37 0.312 16.06 0.5948 
1-14-F 2.225 14.53 101.6 14.14 0.266 13.87 0-5779 
1-15-F ·2 .225 14.53 101.6 16.16 0.244 15.92 0. 5896 
1-16-F 2.225 14.53 101.6 14.36 0.305 14.06 0. 5858 
l-17-F 2.228 14.61 102.3 13.94 0.294 13.65 0.5688 
l-18-F 2.228 14.61 102.3 14.16 0.270 13.89 0.5788 
1-19-F 2.228 14.61 102.3 15.56 0.283 15.28 0.5659 
1-20-F 2.228 14.61 102.3 16.82 0.248 16.57 0. 5617 
l01 
Run II Do Lt A II Qw cl I Net Q qw 0 w 
1-21-F 2.228 14.61 102.2 13.97 0.336 13 .• 63 o. 5679 
1-22-F 2.225 14.61 102.2 15.71 0.348 15.36 0. 5689 
1-23-F 2.225 14.61 102.2 16.59 0.302 16.29 0.6033 
1-24-F 2.225 14.61 102.2 15.63 0.257 15.37 0.5692 
1-25-F 2.225 14.61 102.2 13.88 0.305 13.58 0.5658 
1-26-F 2. 225 . 14.61 102.2 14.64 0.286 14.35 0.5979 
1-27-F 2.225 14.61 102.2 16.40 0.292 16.11 0.5967 
1-28-F 2.225 14.61 102.2 16.44 0.236 16.20 o.6ooo 
1-1-FW 2.532 14.92 118.7 15.10 0.172 14.93 0.6221 
1-2-FW 2.532 14.92 118.7 13.32 0.186 13.13 0. 5471 
1-3-FW 2.532 14.92 118.7 14.23 0.201 14.03 0.5846 
2-1-F 2.217 14.61 101.8 10.66 0.322 10.34 0.4308 
2-2-F 2.217 14.61 101.8 11.79 0.324 11.47 0.4248 
2-3-F 2.217 14.61 101.8 11.76 0.364 11.40 0.4145 
2-4-F 2.217 14.61 101.8 12.22 0.324 11.90 0.4407 
2-5-F 2.217 14.84 103.4 15.57 0.377 15.19 0.4340 
2-6-F 2.217 14.84 103.4 11.10 0.262 10.84 0.4517 
2-7-F 2.217 14.84 103.4 10.48 0.254 10.23 0.4262 
2-8-F 2.217 14.84 103.4 10.43 0.282 10.15 0.4229 
2-9-F 2.228 14.53 101.7 10.72 0.321 10.40 0.4333 
2-10-F 2.228 14.53 101.7 11.90 0.324 11.58 0.4289 
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Run II Do Lt Ao II ~ c1 I Net ~ qw 
2-11-F 2.228 14.53 101.7 11.f33 0.324 11.51 o. 4263 
2-12-F 2.228 14.53 101.7 12.01 0.338 11.67 0.43~ 
2-13-F 2.222 14.53 101.4 10.64 0.329 10.31 0. 4296 
2-14-F 2.222 14.53 101.4 10.89 0.315 10.58 o.44o8 
2-15-F 2.222 14.53 101.4 11.95 0.327 11.62 0. 4 3o4 
2-16-F 2.222 14.53 101.4 11.58 0.295 11.28 0. 4178 
2-17-F 2.225 14.68 102.6 11.55 0.313 11.24 o. 4683 
2-18-F 2.225 14.68 102.6 11.53 0.285 11.24 0.4683 
2-19-F 2.225 14.68 102.6 12.49 0.294 12.20 0. 4518 
2-20-F 2.225 14.68 102.6 12.64 0.268 12.37 0.4498 
2-21-F 2.222 14.68 102.5 14.02 0.354 13.67 0. 5696 
2-22-F 2.222 14.68 102.5 13.50 0.335 13.16 o .5483 
2-23-F 2.222 14.68 102 ·5 14.12 0.295 13.82 0.5758 
2-24-F 2.222 14.68 102 ·5 13.75 0.271 13.48 0.5381 
2-25-F 2.235 14.37 100.9 11.20 0.296 10.90 0.4542 
2-26-F 2.235 14.37 100.9 11.11 0.291 10.82 o.45o8 
2-27-F "2. 235 14.37 100.9 11.01 0.272 10.74 o. 4475 
2-28-F 2.-235 14.37 100.9 11.92 0.256 11.66 0.4318 
2-l-FW' 2.532 14.92 118.7 12.07 0.254 11.82 0.4909 
2-2-FW 2.532 14.92 118.7 12.18 0.233 11.95 0.4979 
2-3-FW 2.532 14.92 118.7 10.95 0.230 . 10.72 0.4467 
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TABLE II - CALCULATIONS OF R1 (FILMWISE RUNS) ( CONT' D) 
Run Calculation of log mean AT CATm) 
T3 ~T 6'\n 
1-1-F 19.6 30.2 96.3 76.7- 66.1 1.160 10·.6 71.4 
1-2-F 20.2 30.7 96.5 76.) 65.8 1.160 10.5 70·7 
1-3-F 26.0 35.8 96.2 70.2 6o.4 1.162 9.8 65.3 
1-4-F 21.5 29.2 95.8 74·3 66.6 1.116 7·7 70.2 
1-5-F 2).1 31.6 94·9 71.8 63.3 1.134 8.5 67.6 
1-6-F 26.3 40.2 9.5·9 69.6 55·1 1.250 13.9 62.3 
1-7-F 22.8 33·8 96.2 73·4 62.4 1.176 11.0 . 67.8 
1-8-F 2).8 43·3 96.3 72.5 ,5).0 1.368 19.5 62.2 
1-9-F )1.5 58.) 96.8 65.3 38.5 1.696 26.8 50.7 . 
1-10-F 24.3 37·2 95·4 71.1 58.2 1.222 12.9 64.3 . 
1-11-F 22.4- 33·4 95.8 73·4 62.4 1.176 . 11.0 67.8 . 
1-12-F 30.6 48.8 96.0 65.4 47.2 1.386 18.2 5.5.8 
1-13-F 23.2 39.1 96.1 72.9 57.0 1.279 15.9 64.6 
1-14-F 24.8 41.1 95·9 71.1 54.8 1.297 16.3 62.7 
1-15-F 35·4- 52.2 96.2 61.3 44.5 1.378 16.8 52.4-
1-16-F 22.8 33·4 96.2 73·4 62.8 1.169 10.6 67.9 
1-17-F 23.4 35·4 95-9 72.5 60.5 1.198 12.0 66.4 
1-18-F ·25.4 40.8 96.3 70·9 55.5 1.277 15.4 6).0 
1·19-F 29.8 4J+.1 95.8 66.0 51.7 1.276 14.3 58.7 
1-20-F 36.1 55.3 96.7 6o.6 41.4 1.464 19.2 50.4 
1-21-F 20.4 30.2 95·9 75·5 65.7 1.149 9.8 70.6 
1-22-F 21.8 35.2 95.8 74.0 6o.6 1.221 13.4 67.1 
1-23-F . 23.4 44.2 96.7 73·3 52.5 1.396 20.8 62.) 
Run II T3 I T45 [ TB rATBJ 1~TB45 1 ~ I ~T r~im 
1-24-F 31.4 51.8 96.5 65.1 44·7 1.456 20.4 54.3 
1-25-F 23.5 36.2 95·9 72-4 59-7 1.213 12.7 65.8 
1-26-F 27.8 40.2 96.2 68.4- 56.0 1.221 12.4 62.1 
1-27-F 31.3 45-7 96.5 65.2 50.8 1.283 14.4 57.8 
1-28-F 39.2 55. 8 96.9 57-7 41.1 1.404 16.6 48.9 
1-1-FW 24.4 39·4 96.4 72.0 57.0 1.263 15.0 64.2 
1-2-FW 33.0 42.4 96.3 63.) 53·9 1.174 9.4 58.6 
1-3-FW 34.2 4-5.8 96.8 62.6 51.0 1.227 11.6 56.7 
2-1-F 21.8 33·2 93·3 71.5 60.1 1.190 11.4 65.5 
2-2-P 24.9 40.6 94·4 69.5 53.8 1.292 15.7 61.3 
2-3-F 23-3 35.0 94.4 71.1 59.4 1.197 11.7 65.1 
2-4-F 25.0 33.8 94.1 69.1 60.3 1.146 8.8 64.6 
2--5-F 23.8 34.6 93·7 69.9 59.1 1.183 10.8 64.3 
2-6-F 22.1 33·9 93·7 71.6 59.8 1.197 11.8 65.6 
2-7-F 24.0 35·4 93·4 69.4 58.0 1.196 11.4 63.7 
2-8-F 21.6 29.0 93·3 71.7 64.3 1.115 7 ·4 68.0 
2-9-F 21.8 32.9 92.9 71.1 6o.o 1.185 11.1 65.4 
2-10-F 24.5 38.6 93·3 68.8 54·7 1.258 14.1 61.4 
2-11-F 25.5 42.4 93·3 67.8 50.9 1.332 16.9 59.0 
2-12-F 24.0 37·0 93.1 69.1 56.1 1.232 13.0 62.3 
2-13-F 22.2 31.2 92.7 70.5 61.5 1.146 9.0 66.0 
2-14-F 24.2 34·4 93·3 69.1 58.9 1.173 10.2 63.9 
2-15-F 23.5 39·2 93.6 70.1 54.4 1.289 15.7 6J..8 
2-16-F 27.1 44. 8 93.8 66.8 49.0 1.361 17.7 57·4 
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Run II T3 I T45 I TB FBJ FTB45- L ~T " 1 d..OT l.A'Jk 
2-17-F 21.8 32.1 93·4 71.6 61.3 1.168 10.3 66.3 
2-18-F 24.0 37-7 93·5 69.5 55.8 1.246 .13.7 62.3 
2-19-F 27-3 42.6 93.8 66.5 51.2 1.299 15.3 58.5 
2-20-F J0.2 48.6 94-4 64.2 45.8 1.402 18.4 54.4 
2-21-F 24-4 30.4 96.5 72.1 66.1 1.091 6.0 68.9 
2-22-F 27 .q. 33.6 96.2 68.8 62.6 1.099 6.2 65.7 
2-23-F 29.7 41.0 96.2 66.5 55.2 1.205 11.3 60.6 
2-24-F 31.9 47. 8 96.3 64.4 48.5 1.328 15.9 56.0 
2-25-F 21.7 35·4 93·3 71.6 57-9 1.237 13.7 64.4 
2-26-F 23.1 ) 8 .3 93·3 70.2 55.0 1.276 1_5.2 62.4 
2-27-F 24.5 40.2 93·4 68.9 53.2 1.295 15.7 60.7 
2-28-F 29.9 49·4 94.0 64.1 44.6 1.437 19.5 53.8 
2-1-FN 25.0 )6.2 94.1 69.1 57·9 1.193 11.2 64.1 
2-2-FW 28.1 41.3 94.6 66.5 53·3 1.248 1).2 59.6 
2-3-FW 24.2 42.1 94.6 70.4. 52.5 1.341 17.9 61.0 
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TABLE II - CALCULATIONS OF R1 (FILMWISE RUNS) (CONT'D) 
Run Uo Film temp. Calc. o:r Nussett h.p No. A1fw J T:r k:r r pr 
' 
Do . f'A.:C 
.. 
1-1-F 0.8253 0.70 53-7 9210 0.9864 2.217 5-178 
1-2-F 0.8838 0.75 53.1 9196 0.9866 2.217 5.228 
1-3-F 0.8326 0.45 58.4 9321 o .g84o 2.217 4.814 
1-4-F 0.8017 0.87 52.0 9170 0.9872 2.217 5-320 
1-5-F 0.8014 0.95 51.4 9156 0.9874 2.220 5.371 
1-6-F 0.9430 0.70 53·7 9210 0.9864 2."220 5-178 
1-7-F 0.8383 0.90 51.8 9165 0.9872 2.220 5-337 
1-8-F 0.8641 0.48 57-7 9305 0.9844 2.220 4.866 
1-9-F 1.0150 0.20 65.9 9498 0.9801 2.228 4.312 
1-10-F 0.8425 0.71 53.6 9208 0.9864 2.228 5.186 ·. 
1-11~F 0. 8202 0.85 52.2 9175 0.9871 2.228 5-303 
1-12-F 0.9500 0.30 62.5 9418 0.9819 2.228 4.528 
1-13-F o.9o64 0.78 52.7 9187 0.9868 2.225 4.261 
. 1-14-F 0.9074 0.57 56.2 9269 0.9851 2.225 4.979 
1-15-F 1.1076 0.32 61.9 9404 0.9822 2.225 4.568 
1-16-F 0 .'8491 1.35 50-3 9130 0.9879 2.225 5.466 
1-17-F 0.8377 0.97 51.3 9154 0.9875 2.228 5-380 
l-18-F 0.8982 0.65 54.6 9232 0.9859 2.228 5.104 
l-19-F 0.9427 0.52 57-0 9288 0.9847 2.228 4.918 
l-20-F 1.0898 0.31 62.2 9411 0.9821 2.228 4.548 
l-21-F 0.7874 1.23 50.5 9135 0.9878 2.225 5.448 
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Run II uo 116~ Tf' II kf' IPf' D l_.q f' 0 
1-22-F 0.8300 0.81 52.4 9180 0.9870 2.225 5.286 
1-23-F 0.9482 0.52 57.0 9288 o.g847 2.225 4.918 
1-24-F 1.0261 0.30 62.5 9418 0.9819 2.225 4.528 
1-25-F 0.8418 0.95 51.4 9156 0.9874 2.225 5-371 
. 1-26-F 0.9427 0.73 53-3 9201 o.g866 2.225 5.211 
1-27-F 1.0105 0.50 57-3 9295 o.g846 2.225 4.896 
1-28-F 1.2012 0.30 62.5 9418 0.9819 2'!225 4-528 
1-1-FW 0.8164 1.02 68.7 9564 0.9785 2.532 4.145 
1-2-FW 0.7864 0.75 62.0 9406 0.9822 2.532 4.561 
1-3-FW 0.8686 0.56 62.8 9425 0.9818 2.532 4.508 
2-1-F 0.6464 0.52 50.3 9130 0.9879 2.217 5. 475 ·. 
2-2-F 0.6811 0.40 51-7 9163 0.9873 2.217 5.346 
2-3-F 0.6257 0.45 52.6 9184 0.9869 2.217 5.270 
2-4-F 0.6703 0.70 47.8 9071 0.9891 2.217 5-694 
2-5-F 0.6531 0.67 49.7 9116 o.g882 2.217 5-519 
2-6-F 0.6661 0.96 46.6 9043 0.9896 2.217 5.809 
2-7-F 0.6474 0.55 50.8 9142 0.9877 2.217 5.422 
2-8-F 0.6015 1.00 45.5 9017 0.99~0 2.217 • 5-919 
2-9-F 0.6515 0.95 46.5 9040 0.9896 2.228 5.819 
2-10-F 0.6868 0.56 51.0 91~·7 0.9876 2.228 5· 405 
2-11-F ·o. 7104 0.41 51.9 9168 0.9872 2~228 5~.328 
108 
Run II uo 11 4 11, T:r II kf V'f' D IAr 0 
2-12-F 0.6820 0.70 47.8 9071 0.9891 2.228 5-694 
2-13-F 0.6416 1.00 45.5 9017 0.9900 2.222 5-919 
2-14-F 0.6801 0.70 47.8 9071 0.9891 2.222 5-694 
2-:-15-F 0.6865 0.52 50.3 9130 0.9879 2.222 5.466 
2-16-F 0.7177 0.32 53.8 9213 0.9863 2.222 5-170 
2-17-F 0.6884 1.21 44.6 8995 0.9904 2.225 6.012 
2-18-F 0.7326 0.77 48.6 9090 0.9987 2.225 6.619 
2-19-F 0.7527 0.50 50.0 9123 0.9881 2.~25 5-492 
2-20-F 0.8058 0.31 53.4 9203 0.9865 2.225 5.203 
2-21-F 0.8065 1.05 45.8 9024 0.9899 2.222 5.888 
2-22-F 0.8141 0.74 48.2 9081 0.9889 2.222 5.656 
2-23-F 0.9271 0.51. 50.2 91.28 o.988o 2.222 5-475 
2-24-F 0-9376 0.37 54-7 9234 0.9859 2.222 5.096 
2-25-F o.6989 1.08 46.0 9029 0.9898 2.235 5.868 
2-26-F 0.7158 0.72 48.0 9076 0.9890 2.235 5-675 
2-27-F o. 7304 0.54 50.7 9140 0.9878 2.235 5-431 
2-28-F 0.7954 0.30 53-3 9201 0.9866 2.235 5-211. 
2-l-FW 0.6451 1.20 60.0 9359 0.9832 2.532 4.699 
2-2-FW 0.7037 0.70 58.3 9319 0.9841 .2-532 4.821 
2-3-FW 0.6168 0.63 58-5 9324 o.984o 2.532 4.806 
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TABLE II - CALCULATIONS OF R1 (FILMWISE RUNS) ( CONT'D) 
Run Calculation or Nusselt h:r 
No. •c w ~ IO{#)~ (h£>uc Ft 
1-1-F 245-3 10.221 5.)26 17.464 19.752 1.010 
1-2-F 259.2 10.800 5.490 17.64.1 19.952 1.010 
1-3-F 261.5 9.685 6.887 19.026 21.518 1.010 
1-4-F 201.5 9-595 6.030 18.201 20.585 1.007 
1-5-F 2$0.7 9.285 6.153 18.324 20.724 1.008 
1-6-F 275.1 10.189 5.906 18.076 20.444 1.015 
1-7-F 242.2 9.688 5.950 18.121 20.495 1.011 
1-8-F 2)0.8 9.617 6.841 18.983 21.470 1.022 
1-9-F 218.0 9.083 8.651 20.528 2).217 1.042 
1-10-F 226.8 9-450 6.314 18.483 20.904 1.013 
1-11-F 2)0.4 9.6oo 6.085 18.257 20.649 1.011 
1-12-F 228.8 9·533 7.679 19.728 22.)12 1.023 
1-13-F 282.1 10.446 6.972 19.104 21.607 1.017 
1-14-F 239.6 9.983 6.388 18.5.55 20.986 1.018 
1-15-F 285.7 10.581 6.822 18.966 21.451 1.023 
1-16-F 248.2 10.342 5·398 17.542 19.840 1.010 
1-17-F 240.4 10.017 5.714 1.7.878 20.220 1.012 
1-18-F 241-4 10.058 5·991 18.162 20.541 1.017 
1-19-F 268.8 9.956 6.532 18.693 21.142 1.017 
1-20-F 277·7 9-414 7-729 19.772 22.)62 1.028 
1-21-F 234·5 9·771 5·743 17.908 20.254 1.009 
1-22-F 259.3 9.603 6.103 1.8.274 20.668 1.013 
1-23-F 279.2 10.341 6.290 18.459 20.877 1.024 
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Run n Mfc I w I ~ I /O~J~l (h:r)uc I Ft I 
1-24-F 267.5 9-907 7.380 19.469 22.019 1.027 
1-25-F 234·9 9-788 5.850 18.018 20.378 1.013 
1-26-F 241.2 10.050 5-950 18.121 20.495 1.013 
1-27-F 274.6 10.170 6.427 18.592 21.028 1.017 
1-28-F 274-4 10.163 7-193 19.304 21.833 1.024 
1-1-FW 247-4 10.)08 9-170 20.931 23.673 1.016 
1-2-FW 248.6 10.358 7-951 19.959 22.574 1.010 
1-3-FW 248.8 10.367 8.076 20.063 22.691 1.014 
2-1-F 180.2" 7-508 7-396 19.483 22.035 1.011 
2-2-F 202.7 7.507 7.652 19.706 22.287 1.018 
2-3-F 201.1 7-313 8.019 20.016 22.638 1.012 
2-4-F 203.4 7·533 6.974 19.106 21.609 1.009 
2-5-F 261.1 7.460 7·358 19.4.50 21.998 1.011 
2-6-F 181.4 7·558 6.757 18.905 21.382 1.012 
2-7-F 177·4 7-392 7.614 19.673 22.250 1.012 
2-8-F 169.5 7.062 7.027 19.154 21.663 1.007 
2-9-F 171.4- 7-142 7.166 19.279 21.804 1.011 
2-10-F 194.1 7.189 7-904 19.920 22.530 1.015 
2-11-F 197·7 7.322 7.923 19.936 22.548 1.020 
2-12-F 197.0 7·296 7 .2)6 19.342 21.876 1.014 
2-13-F 171.5 7.146 6.905 19.042 21.536 1.009 
2-14-F 174-7 7-279 7.228 19.335 21.868 1.010 
2-15-F 196.4 7·274 7.666 19.718 22.)01 1.017 
2-16-F 198.1 7-337 8.235 20.194 22.839 1.022 
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Run II •c J w I ~ I I'0(4l l ,, I ( h:r) uc I Ft I 
2-17-F 187.9 7.829 6.233 18.403 20.814 1.010 
2-18-F 185.0 7.708 7.110 19.229 21.748 1.015 
2-19-F 210.5 7·796 7.114 J.9.232 21.7.51 1.018 
2-20-F 217.7 7·916 7·570 19.635 22.207 1.024 
2-21-F 230.8 9.617 5.220 17.347 19.619 1.005 
2-22-F 228.8 9·.533 5·573 17.729 20.051 1.006 
2-23-F 234.0 9.750 5.706 17.869 20.210 1.012 
2-24-F 234.0 9-341 6.602 18.760 21.218 1.020 
2-25-F 181.1 7-546 6.724 18.874 21.346 1.014 
2-26-F 180.3 7.513 7.079 19.201 21.716 1.017 
2-27-F 180.8 7·533 7.518 19.590 22.156 1.018 
2-28-F 205.7 7.618 7.882 19.901 22.508 1.026 
2-l-FW 195.4 8.115 9·724 21.344 24.140 1.012 
2-2-FW 208.7 8.696 8.743 20.601 23 .)00 1.015 
2-3-FW 190.7 7·946 9.612 21.262 24.047 1.020 
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TABLE II - CALCUlATION OF R1 (FILMWISE RUNS) {CONT 1D) 
Run Corr. Mass Flow Tube 
No. Met. 1 ww G No. 
1-1-F 19.950 2452 12115 501 11614 7376 307.3 3 
1-2-F 20.152 2476 ll313 496 10817 7625 317.7 3 
1-3-F 21.733 2671 12009 460 11549 6297 233.2 3 
1-4-F 20.729 2547 12472 482 11990 7182 342.0 3 
1-5-F 20.890 2567 12477 479 11998 9454 350.1 1 
1-6-F 20.751 2550 10602 482 10120 7735 286.5 1 
1-7-F 20.720 2546 11928 483 11445 8483 339.3 1 
1-8-F 21.942 2696 11572 456 11116 5805 241.9 1 
1-9-F 24.192 2973 9851 413 9438 3578 149.1 19 
1-10-F 21.176 2602 11868 472 11396 7008 292.0 ·19 
1-11-F 20.876 2565 12191 479 11712 8028 334.5 19 
1-12-F 22.825 2804 10525 438 10087 46oe 192.0 19 
1-13-F 21.974 2700 11032 455 10577 8559 317.0 14 
1-14-F 21.364 2625 11019 468 10551 6473 269.7 14 
l-15-F 21.944 2695 9028 456 8572 5348 198.1 14 
l-16-F 20.038 2463 11776 499 11277 9707 4o4. 4 14 
l-17-F 20.463 2514 11936 489 11447 8504 354.3 22 
l-18-F 20.890 2567 11132 479 10653 6877 286.5 22 
l-19-F 21.501 2642 10607 465 10142 6812 252.3 22 
l-20-F 22.988 2825 9175 435 8740 5460 185.1 22 
l-21-F 20.436 2512 12699 489 12210 9508 396.2 17 
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Run II Met. I Eng. 111/(Jo ll)iif I Rl II ww I G II Tube 
1-22-F 20.937 2573 12046 478 11568 8617 .319 .1 17 
1-23-F 21.378 2627 10546 468 10078 6851 253·7 17 
1-24-F 22.614 2779 9745 442 9303 5057 187.3 17 
1-25-F 20.643 2537 11879 484 11395 8313 346.4 16 
1-26-F 20.761 2551 10608 482 10126 7106 296 .• 1 16 
1-27-F 21.385 2628 9896 468 9426 6665 246.8 16 
1-28-F 22.357 2747 8325 447 7905 5094 188.7 16 
1-l-FW 24.052 2956 12249 416 11833 8980 374.2 31 
1-2-FW 22.800 2802 12716 439 12277 6961 290.0 31 
1-3-FW 23.009 2828 11513 435 11078 6406 266.9 31 
2 -1~~F 22.277 2738 15470 449 15021 6011 250.4 . 11 
2-2-F 22.688 2788 14682 441 14241 5591 207.1 11 
2-3-F 22.910 2815 15982 436 15546 6092 221.5 11 
2-4-F 21.803 2679 14919 459 14460 7622 282.3 11 
2-5-F 22.240 2733 15312 450 14862 10266 293·3 2 
2-6-F 21.638 2659 15013 462 14551 8381 349.2 2 
2-7-F 22.517 2767 15446 444 15002 5930 247.1 2 
2-8-F 21.815 2681 16625 458 16167 8429 351.2 2 
2-9-F 22.044 2709 15349 454 14895 7991 333.0 13 
2-J.O-F 22.868 2810 14560 437 14123 6748 249.9 13 
2-ll-F. 22.999 2826 14076 435 13641 5724 212.0 13 
114 
Run II Met. I Eng. II 1/Uo I ~lhfl Rl. II v IG II Tube v 
2-12-F 22.182 2726 14663 451 14212 7617 282.1 13 
2-13-F 21.730 2670 15586 460 15l.26 8631 359.6 20 
2-14-F 22.087 2714 14704 453 14251 6929 288.7 20 
2-15-F 22.680 2787 14567 441 14126 6270 232.2 20 
2-16-F 23.341 2868 13933 428 13505 5057 187.3 20 
2-17-F 21.022 2583 14526 476 14050 9406 391.9 12 
2-18-F 22.074 271.3 13650 453 13197 7257 302.4 12 
2-19-F 22.142 2721 13286 452 12834 64o6 237.2 12 
2-20-F 22.740 2794 12410 440 11.970 5243 190.6 12 
2-21-F 19.717 2423 12399 507 11892 9338 389.1 8 
2-22-F 20.171 2479 12284 496 11788 7221 300.9 8 
2-23-F 20.452 2513 10786 489 10297 6055 252.3 8 
2-24-F 21.642 2660 1o666 462 10204 5034 201.0 8 
2-25-F 21.645 2660 14308 462 13846 8821 367.5 21 
2-26-F 22.085 2714 13970 453 13517 7151 298.0 21 
2-27-F 22.555 2772 13691 443 13248 6049 252.0 21 
2-28-F' 23.093 2838 12572 433 12139 4696 173·9 21 
2-1-FW 24.438 3003 15501 409 15092 9491 394.1 30 
2-2-FW 23.650 2906 14211 423 13788 7059 294.1 30 
2-3-FW 24.528 3014 16213 408 15805 6474 269.8 30 
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TABLE III - CALCULATION OF DROPWISE FILM COEFFICIENT 
Run Outside Area Ca.1c. of Heat Flux 
No. qt'l 
1-1-D 2.220 14.68 102.4 14.06 0.310 13.75 0 • .5729 
1-2-D 2.220 14.68 102.4 14.19 0.271 13.92 0.5800 
1-3-D 2.220 14~68 102.4 14.54 0.246 14.29 0 • .59.54 
1-4-D 2.225 14.61 102.2 14.70 0.299 14.40 0.6000 
1-.5-D 2.22.5 14.61 102.2 14 . .53 o. "262 14.27 0.)946 
1-6-D 2.22.5 14.61 102.2 14.,58 0.237 14.34 0 . .594.5 
1-7-D 2.217 14.76 102.8 14.26 0.287 13.97 0 • .5821 
1-8-D 2.217 14.76 102.8 15.04 0.272 14.77 0.6154 
1-9-D 2. 2.17 14.76 102.8 14.42 0.213 14.21 0 • .5921 
l-10-D 2.225 14 • .53 101.6 14.7.5 0.275 14.47 0 • .5979 
1-11-D 2.225 14 • .53 101.6 14.6.5 0.2.59 14 . .39 0.5934 
l-12-D 2.22.5 14 • .53 101.6 14.63 o. 201 14.43 0.6012 
l-13-D 2.22.5 14.61 102.2 14.27 0.296 13.97 0.5821 
1-14-D 2.22.5 14.61 102.2 14.3.5 0.245 14.11 0 • .5879 
· l-15-D 2.22.5 14.61 102.2 13.89 0.262 13.63 0 • .5679 
l-16-D 2.228 1LI-. 45 101.1 14.95 0.~21 14.63 0.6096 
1-17-D 2.228 14.45 101.1 15 • .52 0.274 1,5.2.5 0.6354 
1-18-D 2.228 14.45 101.1 1~ L~ _.1. • 0,2§3 1.5.19 0. 6329 
l-19-D 2.228 14.61 102.2 14.3.5 0.280 14.07 0 • .5743 
1-l-DVl 2.532 14.92 118.7 14.80 0.240 14.56 0.6067 
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Run II Do Lt Ao Qw 01 Net Qw qw 
2-1-D 2.217 14.84 103.3 11.86 0.266 11.59 0.4829 
2-2-D 2.217 14.84 103.3 11.69 0~246 11~44 0.4767 
2-3-D 2.217 14.84 10,3. 3 11.62 0.214 11.41 0.4754 
2-4-D 2.228 14 . .53 101.7 12.14 0~312 11.83 0.4929 
2-5-D 2.228 14 .• .53 101.7 11.26 0.276 10.98 0.4575 
2-6-D 2.228 14 • .53 101.7 10.87 0.243 10.63 0.4429 
2-7-D 2.222 14.68 102.5 11.68 0.323 11.:36 0.4637 
2-8-D 2.222 14.68 102.5 11.55 0.282 11.27 0.4696 
2-9-D 2.222 14.68 102.5 11.29 0.246 11.04 0.458.5 
2-10-D 2.235 14.37 lOO. 9 11.71 0.304 11.41 0.4754 
2-11-D 2.235 14.37 100.9 11.92 0.267 11.65 0.5065 
2-12-D 2.235 14.37 100.9 11.34 0.241 11.10 0.462.5 
2-13-D 2.222 15.53 101.4 12.35 0.314 12~04 0.4914 
2-14-D 2.222 14.53 101.4 11.66 0.269 11 . .39 0.4746 
2-15-D 2.222 14._53 101.4 11.69 0.248 11.44 0.4767 
2-16-D 2.217 14.61 101.8 12.26 0.313 11.95 0.4979 
2-17-D 2.217 14~61 101.8 12.11 0.291 11.82 0.4925 
2-18-D 2.217 14.61 101.8 11.88 0.265 11.62 0.4842 
2-19-D 2.225 14.68 102.6 12.21 0.268 11.94 0.4975 
2-1-DW 2.532 14.92 118.7 12.07 0.228 11.84 0.493.3 
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TABLE III - CALCULATION OF DROPWISE FILM COEFFICIENT (CONT'D) 
Run Calculation o~ log mean 
No. T3 Ll'lfm 
1-1-D 22.4 32.8 96.6 74.·2 63.8 1.163 10.4 68.9 
1-2-D 29.0 4o.6 96.3 67.3 55.7 1.208 11.6 61.4 
1-3-D 31.4 46.0 96.6 65.2 50.6 1.288 14.6 57.7 
1-4-D 26.7 38.2 96.8 70.1 58.6 1.196 11.5 64.2 
1-5-D 32.3 45.8 97.0 64.7 51.2 1.264 13.5 57.6 
1-6-D 35.8 51.0 97-1 61.3 46.1 1.330 15.2 53-3 
1-7-D 27.6 34·3 96.5 68.9 62.2 1.108 6.7 65.3 
1-8-D 27.1 37.8 96.6 69.5 58.8 1.182 10.7 64.0 
1-9-D 27.8 50.8 96.8 69.0 46.0 1.500 23.0 56.7 
1-10-D 24.3 40.8 96.9 72.6 56.1 1.294 16.5 64.0 
1-11-D 29·3 44.1 96.9 67.6 52.8 1.280 14.8 6o.o 
1-12-D 38.5 55.8 97·2 58.7 41.4 1.418 17.3 49.5 
1-13-D 26.2 38.9 96.9 70.7 58.0 1.219 12.7 64.1 
1-14-D 31.6 49-4 97·3 65.7 47-9 1.372 17.9 56.6 
1-15-D 28.4 45.4 96.8 68.4 51.4 1.331 17.0 59.4 
1-16-D 25.5 34-4 97.2 71.7 62.8 1.142 8.9 67.0 
1-17-D 28.1 43.6 97.2 69.1 53.6 1.289 15.5 61.1 
1-18-D · 26.0 47·9 97·4 71.4 49.5 1.442 21.9 59.8 
·1-19-D 24.2 39.8 96.1 71.9 56.3 1.277 15.6 63.8 
1-1-DW 25.2 42.1 97·0 71.8 54.9 1.308 16.9 62.9 
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Run II T3 I T~2 I TB 16TB3 14TB45 I r4T I ~T[41n 
2-1-D 24.5 34.0 94·7 70.2 60.7 1.156 9.5 65.5 
2-2-D 26.1 38.6 94.8 68.7 56.2 1.222 . ~2.5 62.3 
2-3-D 29.0 46.4 95-2 66.2 48.8 1.356 17.4 57.1 
2-4-D 25.2 36.8 95.2 70.0 58.4- 1.199 11.6 63.9 
2-5-D 29.3 43.6 95.2 65.9 51.6 1.277 14.3 58.5 . 
2-6-D 33.1 49·4 94.9 61.8 45.5 1.358 16.3 53·3 
2-7-D 24.0 35.8 95.0 71.0 59.2 1.199 11.8 65.0 
2-8-D 25.3 42-3 94·9 69.6 52.6 1.323 17.0 60.7 
2-9-D 27.0 49.2 95.1 68.1 45.9 1.484 22.2 ·56.2 
2-10-D 24-5 35.6 95.1 70.6 59.5 1.186 11.1 .65.1 
2-11-D 26.8 41.2 95.8 69.0 54.6 1.264 14.4 61.5 
2-12-D 28.2 48.6 95.7 67.5 47.1 1.433 20.4 56.7 
2-13-D 24·9 37-4 94.8 69.9 57·4 1.218 12.5 •63.4 
2-14-D 30.0 44.6 94.8 64.8 50.2 1.291 14.6 57.2 
2-15-D 29.6 48.8 95.1 65.5 46.3 1.'+!5 19.2 55.3 
2-16-D 25.1 )6.4 94-9 69.8 58.5 1.193 11.3 64.0 
2-17-D 27 ·1 40.8 95.1 67.4 54-3 1.241 13.1 60.7 
2-18-D 29-9 45.6 95.1 65.2 49·5 1.317 15.7 57.0 
2-19-D 26.4 42.6 95.1 68.7 52.5 1.308 16.2 60.) 
·2-1-DW 28.8 43.0 95.2 66.4 52.2 1.272 14.2 59.0 
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TABLE III - CALCUlATION OF DROPWISE --- ( CONT 1D) 
Run Calc. dropwise hd 
No. uo ww G R1 1/U0 1/hd 
1-1-D 0.8119 8972 373.8 12000 12317 
1-2-D 0.9223 6900 287-5 11100 10842 
1-3-D 1.0076 5912 246.3 10567 9924 
1-4-D 0.9150 7672 319.7 11340 10929 
1-5-D 1. 0105 5925 246.9 10370 9896 
1-6-D 1. 0920 5011 207.8 9720 9158 
1-7-D 0.8670 8460 352-5 12066 11534 
1-8-D 0.9354 7480 311.7 11760 10691 
1-9-D 1. 0159 5207 217 .o 10750 9R43 
1-10-D 0.9198 8796 363.5 11133 10872 
1-11-D 0.9736 6998 288.6 10340 10272 
1-12-D 1.1957 4775 199.0 8770 8363 
1-13-D 0.8889 7749 322.9 10670 11250 580 
l-14-D 1.0169 5437 226.5 8920 9834 914 
l-15-D 0.9360 6256 260.7 9640 10684 1044 
l-16-D o.8994 8943 372.6 12010 11118 
l-17-D 1. 0283 7261 302 .s 11470 9725 
l-18-D 1. 0465 6420 267.5 11100 9557 
l-19-D o.88oo 7279 297-1 10790 11364 574 




u II w G R1 1/U 1/h 0 w 0 d 
2-1-D 0.7132 7932 330.5 15420 14021 
2-2-D 0.7403 6338 264.1 14890 13508 
2-3-D 0.8055 5029 209.5 14650 12415 
2-4-D 0.7584 7400 308.3 14700 13186 
2-5-D 0.7689 5409 225.4 13800 13006 
2-6-D 0.8170 4274 178.1 13120 12240 
2-7-D 0.6960 9073 370.3 12150 14368 · 2218 
2-8-D 0.7549 6328 263-7 10870 13247 2377 
2-9-D 0.7960 5128 213.0 10050 12562 2512 
2-10-D 0.7237 8365 348.5 13900 13818 
2-11-D 0.8160 6599 286.9 13500 12255 
2-12-D 0.8084 4914 204.8 12570 12370 
2-13-D 0.7642 8470 345-7 13890 13086 
2-14-D 0.8180 5965 248.5 13120 12225 
2-15-D 0.8498 5141 214.2 12710 11767 
2-16-D 0.7645 8700 362.5 15850 13080 
2-17-D 0.7973 6838 284.9 15233 12542 
2-18-D 0.8348 5548 231.2 14650 11979 
2-19-D 0.8340 6454 268.9 13060 11990 
2-1-DW 0.7043 6642 276.8 14100 14198 98 
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Run Dropwlse hii Tube 













1-13-D 17.24 2119 16 
1-14-D 10.94 1344 16 




1-19-D 17.42 2141 22 
1-1-D'i 40.32 4955 31 
122 







2-7-D 4.51 554 8 
2-8-D 4.21 517 8 











2-1-DW 102.04 12540 30 
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Run II qd qr Aq I G cq I R1 
1-1-D 0.5729 0.5448 o.v281 373.8 101.5 12000 
l.-2-D o.58oo 0.601.5 -o. 021_, 287 • .5 753 11100 
l.-3-D 0.5954 0 • .5504 O.Oli-.?0 246.3 1204 10567 
l.-4-D o.6ooo 0 • .5689 o. 0311 319.7 1068 11.340 
1-5-D 0-5946 0.6033 -0.0087 246.9 861 10.370 
1-6-D 0.5945 0.5792 0.01.53 207.8 1039 9720 
1-7-.U 0.5871 0.5786 0.0035 352.5 912 12066 
1-8-D 0.61.54 0.6058 0.0096 11.7 936 11760 
l.-9-D 0.5921 0 • .5.579 o.o3L:2 217.0 1154 107.50 
1-lo-D 0-5979 0 • .5908 0.0071 363.5 887 111.3.3 
1-11-D o. 5934 0.5859 0.007.5 288.6 938 10340 
1-12-D 0.6012 0.5896 0.0116 199-0 1021 3770 
1-13-D 0 • .5821 0 • .5808 0.0013 322.9 976 10670 
1-14-D 0.5879 0 • .5984 -0.010.5 226 • .5 863 8920 
1-15-D 0.5679 0.5976 -0.0297 260.7 718 9640 
1-16-D 0.6096 0.5760 0.0336 372.6 10.50 12010 
1-17-·D 0.6354 0 • .5529 0.082.5 302 • .5 1408 11470 
1-18-D 0.6.329 0-.5.519 0.0810 267.5 1420 11100 
1-19-:D o • .5743 J • .5768 -o. oo2.5 297.1 869 10790 
1-l.-iJW 0.6067 0.5971 0.0096 346.0 914 12060 
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Run II qd q:r L\q G Clq R1 
2-1-D 0.4829 o.446o 0.0369 330.5 1618 1.5420 
2-2-D 0.4767 0.4282 o. 0485 264.1 1997 148 0 
2-3-D 0.4754 o. 4200 0.0.554 209.5 2256 14650 
2-4-D 0.4929 0.4323 0.0606 308.3 2157 14700 
2-.5-D o. 4.57.5 o. 427.5 0.0300 22.5.4 1693 13800 
2-6-D 0.4429 0.4243 0.0186 178.1 1.5.53 13120 
2-7-D v.4637 0 • .5630 -0.0993 370.3 -1303 121.50 
2-8-D 0.4696 o • .5738 -0.1042 263.7 -1184 10870 
2-9-D 0.4.58.5 o • .5400 -0.081.5 213.0 - 60.5 100.50 
2-10-D 0.47.54 0.4.530 0.0224 348 • .5 1278 13900 
2-11-D 0.5065 0.4.500 0.0.56.5 286.9 211.5 13.500 
2-12-D 0.462.5 0.4378 0.0247 204.8 1624 12.570 
2-13-D 0.4914 0.4310 o.o6o4 34.5.7 2074 13890 
2-14-D 0.4746 0.4334 0.0412 248 • .5 1878 13120 
2-1.5-D 0.4767 0.4274 0.0493 214.2 2118 12710 
2-16-D 0.4979 0.4.500 0.0479 362 • .5 19.56 1.58.50 
2-l?-D 0.492.5 0.4407 0.0.518 284.9 2022 1.5233 
2-18-D 0.4842 o. 4200 0.0642 2,31. 2 2393 146.50 
2-19-D 0.497.5 0.4_598 0.0377 268.9 1762 13060 
2-1-DW o:4933 0.4.500 0.0433 276.8 1862 14100 
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Run Corr. ha Tube 
No. Rlc 1/Uo 1/hd ( COl.,r) Met. I l!.;ng-. No. 
1-1-D 1098.5 12317 1332 7 • .51 923 l 
1-2-D 10347 10842 495 20.20 2432 1 
1-3-D 9363 9924 .561 17.82 2190 1 
1-4-D 10272 10929 657 15.22 1871 17 
1-.5-D 9509 9896 .387 25.83 3174 17 
1-6-D 8681 91.58 477 20.96 2_576 17 
1-7-D 11154 11.534 380 26.31 3233 3 
1-8-D 10824 10691 3 
l-9-D 9596 984.3 247 4o.48 497.5 3 
1-lO-D 10246 10872 626 1.5.97 1963 14 
1-11-D 9402 10271 870 11.49 1412 14 
1-12-D 7749 8363 614 16.29 2002 14 
1-13-D 9794 11250 14.56 6.87 844 16 
1-14-D 80.57 98.34 1777 ;5.63 692 16 
1-15-D 8922 10684 1762 .5. 68 698 16 
1-16-D 10960 11118 1.58 6,3.29 7778 19 
1-17~D 10062 9725 .___ 19 
l-18-D 9680 9.551 19 
1-19-D 9921 11364 1443 6.9,3 8.52 22 
1-1-DW 11146 12308 1162 8.60 10.57 .31 
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Run II Rl.o II 1/Uo 111/hd( corrll M@t. Eng. II Tube 
2-1-D 13802 14021 219 45.66 .5622 2 
2-2-D 12893 13508 61.5 16.26 1998 2 
2-3-D 12394 1241.5 21 476.19 .58.523 2 
2-4-D 12.543 13186 643 15.5.5 1911 13 
2-S-D 12107 13006 89° 11.12 1367 13 
2-6-D 11.567 12240 673 14.86 1826 13 
2-7-D 134.53 14368 91.5 10.93 1343 8 
2-8-D 120.54 13247 1193 8.38 1030 8 
2-9-D 10655 12.562 1907 .5.24 644 8 
2-10-D 12622 1:3818 1196 8.36 1027 21 
2-U-D 1138.5 122.5.5 870 11.49 1412 21 
2-12-D "10946 12370 1424 7.02 863 21 
2-13-D 11816 13086 1270 7.87 967 20 
2-14-D 11242 1222.5 983 10.17 12.50 20 
2-15-D 10.592 11767 117.5 8 • .51 1046 20 
2-16-D 13894 13080 11 
2•1?-D 13211 12.512 11 
2-18-D 122.57 11978 11 
2-19-D 11298 11990 692 14.4.5 1776 12 





T -T s c 
Tot. 
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EXPLANATION OF TABLE HEADINGS AND illiiTS 
TABLE I 
Total pressure inH,..,.. 
Total pressure I 2 lbs. in. (abs.) 
Latent heat o~ vaporization 
o~ condensate (water) 
Density o~ condensate at the 
temperatu~a of measurement 
Weight or condensate 
Heat input by latent heat 
o~ condensate 
Cooling water ~low.meter read -
ing (mercury vs. watPr) 
Temperature o~ condensate 
leaving the specimen tube 
(rrom Table XI} 
Boller thermometer reading 






condensate a~ter condensation oc 
Heat input rrom loss in 
sensible heat o~ condensate 
)\ w +AT w , total heat 
s c sc c 
input from condensate 
Average cooling water temper-
ature at lid-sample tube joint °C 
Te~perature di~rerence across 





Length of run 
Length of the specimen tube 
shoulder 
Lid correction 
Corrected heat input. 
~s•c+ATscwc + CL 
Weight of cooling water 
collected 
Average outlet temperature 
of the cooling water 
Average inlet temperature 
of the cooling water 
Temperature rise of the cool-
ing water 
Heat Output to cooling water 
Heat Output--Heat Input 
(Diff./Heat Output)lOO 
TABLE II 
Outside diameter of the 
specimen tube 
Length of the specimen tube 
Outside area of the specimen 
tube 

















Heat output minus lid 
correction 
Heat flux 
Temperature or the cooling 
water at the bottom or the 
specimen tube 
Temperature or the cooling 
water at the lid-sample tube 
joint 
Boiler thermocouple reading 
Temperature difference be-
tween TB and T3 
Temperature difference be-
tween TB and T45 
Ratio of ATB3 to ~TB45 




Log mean temperature difference 0 c 
Overall coefficient of heat 
trans£er cal./(min.)(OC)(cm2) 
Cooling waterftow.meter 
reading (mercury vs. water) in. 
Temperature of the condensing 
film 
Thermal conductivity of the 
condensate at Tf (105)(cal)(cm)/(mdn)(OC)(cm2) 
Density o£ the condensate at Tf g./cm, 3 
outside diameter of the tube em. 
130 
Abs. viscosity of the 






Weight of condensate per run 
Weight of condensate per 
unit time 
k:r3 P:r2gcD/ Jl..:rW) 
lO(k1'3P:r2gcD/ }{:rW) •J;~ 
Uncorrected fi1m coefficient 
Correction factor for varying 
T over tube length 
g. 
g./min. 
Corr. hr (Met) Corrected Nusselt fi1m coef-
ficient, metric units 
Corr. h:r (Eng) Corrected Nusselt f11m coef-
... 
G 
ficient, English units BTU/ (hr} ( n2) (OF) 
Reciprocal of experimental 
overall coefficients 
Reciprocal of corr. Nusselt 
coe .-f:ficient 
Lumped tube wall and cooling water 
film resistance 
Weight of cooling water 
collected 





All symbols in column headings from page 115 through 118 









Overall coe££icient o~ 
heat transfer 
Weight or cooling water 
collected 
Mass rlow rate o£ cooling 
water 
Lumped tube wall and cooling 
water film resistance 
Reciprocal or experimental 
overall coefficient 
Reciprocal of exper~ental. 
dropwise condensing heat 
transfer coef£ic1ent 




(min) (oc) ( cm2 )/cal..(1o4) 
Metric Units (cal/(min)(Oc)(cm2) 
Dropwise £11m coefficient~ 
English units BTU/(hr)(°F)(ft2) 
TABLE IV 
Heat flux of dropwise run 
Interpolated heat flux of 
filmwise run with same G 
qd-qf 





Heat flux correction (~n)(°C)(em2)/ca1.(l.~) 
Lumped tube wall and cool.ing 
132 
water rilm resistance (min)(°C)(cm2 )/cal.(l04 
(min)(°C)(cm2 )/cal.(lo4 
Remaining columns on PP• 125-126 same as rinal rour 
columns in Table III, pp. 119-122. 
The rour graph s on the next £ew pages are a graphical 
correlation or the R1 vs G data tabulated in Table II. 
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-Figure 17-
R1 vs MASS FLOW OF 
COOLING WATER 
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RESULTS OF THE COATING DURABILITY TESTS 
Tube Promotor Percent of Surface in Dropwise Condensation1 
No. (1)2 (2)3 (3)2 (4)4 
-
1 Silicone grease, 
rubbed on 100 (3) 80 0 
2 Same 100 {3) 7 0 
11 Same 100 {3) 100 (8 1/2) 
17 DC 200 + CC14 100 (3 1/2) 100 --- 50 
13 DC 200 ~ perchloroethane 80 (4) 80 50 
3 Mixed si1anes on tube 
+ water 100 {7) 100 20 
8 Water on tube + mixed 
si1anes 100 (7) 100 10 
14 DriFilm (sllanes), 
rubbed on 100 (5) 90 0 
21 Silicone varnish 100 (7) (wh itened and curdled after 10 hours) 
16 Ethanol on tube, hexadecyl-
silane sprayed on 100 {3 100 30 
TABLE V (Con 1t) 
20 Ethanol on tube, phenyl 
trich1orosilane sprayed on 100 (5} 
19 Ethylene glycol on tube, 
ixed sil.a.nes vaporized 100 (7) 
115 Ethanol on tube, mixed 
silanes vaporized 100 (7) 
22 Dipped in OT 3 60 (1} 
12 Dipped in OT 3 70 (1) 
1by visual estimate. 
2numbers in parentheses indicate hours or exposure. 






43 hour exposure for all tubes. Tubes placed in endurance boilers for estimate. 
(1) Observations during heat transfer coefficient runs, {2) Exposure in endurance test 








Complete calculations of all runs both dropwise and £11m 
have been given in detail in the preceeding tables. The 
following is a verbal and mathematical statement o£ the 
method of calculation which will facilitate following the 
tabular calculations. 
Since tube wall temperatures were obtained in only a 
very limited number or runs and these were or doubtrul · 
accuracy an alternative method or calculation of the drop-
wise film coefficient was adopted. This method consisted 
or dete:rmining the water film and tube wall resistance's at 
a number or cooling water rates by back calculation from an 
overall coefficient at these rates using a calculated film 
condensation coefficient. These values were then plotted. 
Runs in which dropwise condensation occurred were made 
within the range of water rates of the film condensing runs. 
The combined resistance, R1 , or tube wall and water film was 
then read from the plotted film condensation data of the 
corresponding sample tube. 
An overall coefficient for the dropwise run was cal-
culated, and the heat transfer coefficient of the dropwise 
condensing film was obtained using this U and the R1 referred 
to above. 
It was found in many of the runs that the magnitude or 
the heat flux as well as the cooling water rate ai':Cec ted the 












at di££erent heat £luxes an empirical correction was developed 
rrom the film condensing data to compensate ror this errect 
and was applied to the value o£_R1 • A sample calculation 
based on the calculation or a dropwise coerricient ror run 
l-l6~D (sample tube 19) rollows to illustrate the method. 
Rerer to Figure 21 and Table VI £or location or measurements 
and nomenclature. 
A heat balance was first calculated as a check on the 
reliability or the data: 
Heat Input (to test section) • Heat rrom condensing steam 
+ Heat rrom lid 
Heat rrom steam = ~swc + (T8 - Tc>•c = Net Qw 
~s = 538.8 cal./g. at 14.53 psia. (1-9-F) 
~s may be read £rom Table ~ at Pt• 
•c = Vcfc = (219.4 cm3 )(0.9937 g/cm3) = 218.0 g. 
wherefc was read rrom Table IX at Tcm(36.0°C) 
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Net Qw • (538 .• 8 cal/ g) (218.0 g) + (96.80C-65.90C) (218.0g.) 
= 12.42 X 104 cal. 
Heat rrom lid • ~.24 (~)(L8h)(T8 - T45 ) 
Lsh may be round in Table I 
cL = 3.24 (24.0 min.)(0.6562 in)(96.8°C - 58.3oc) 
= 0.1966 X 104 cal. 
Heat Input. ~ =Net Qw+ CL = (12.42 1- 0.1966)104 cal 
= 12.62 X 104 cal. 
Heat output = trw (T0 - T 1)= 3578g• (56.49°C-2l.Ol°C) 
= 12.69 X 104 cal. 
~ Dirference 12.69 - 12.62 12.69 X 100 = 0.55% 
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T.he f11mwise U0 and R1 were calculated as follows: {Run 1-9-F) 
U0 = qw/A0 AT 
where qw •(Ht. Op.-cJ /e r 
= (12.69 - O.l966)104ca1/24 min. = 5204 cal/min 
Ao : ffDo Lt = (2.228 cm)(14.45cm)3.142 =1(62.19 cm2 
4T1m = ~(_9_6~·~8----~~----~~~~~~~~ - 31.5) (96.8 - 58.3) 
1n (96.8 - 31.5) (50.7°C =: A'Tt•) 
(96.8 - 58.3) 
U0 = 5204(ca1/minY~32.19cm2)(50.7°C) = 1.0~5 ca1/~in)pm~oc 
(h:r)uc = 1.18 ~p:f3 f!Jf"D)l/3 
Arw 
where k, p , and){ are at T:r (Tc = 65.9°C) 
and are given in Tables XII, IX and XIII respecti~y 
(h:r>ue = 1.18 ((0.09498 3(0.9801 2(980)(~.142 (2.228) ~ 
(4.312) (9.083) 
= 23.22 ca1/(min)(cm2)( 0c) 
h:r = F-e (h:r>uc 
since r~T = 1.696• Ft = 1.042 from Table XIV 
h:r = (1.042)(23.22) = 24.192 ca1/(min)(cm2)(0c) 
Rl =(f)_(-!)= 1~~15 24~192 = Ow94-39 (min)(cm2)(oc) 
cal. 
This procedure was repeated :for Runs 1-10-F, 1-11-F. 
and l-12F, and the resultant R1 •s were plotted vs G(Fig.la; 
The dropwise coe:fficients obtained on tube 19 were calculated 
as rollows: 
U = q /A L\T = {6096 cal/min)Jit{~2.19 cm2)(67°C) 
0 w 0 
• 0 .. 7645 cal/(min) (°C) (cm2 ) 
R2 was read :fromB1g~ 18 at the appropriate water rate 
(372.6 g./min.) • 1.2010 (min)(cm2)(0C)/ca1. 
Correction on R1 for abnormalities in the behavior of the 
o£ the condenser heat transfer as correlated against variation 
in heat flux between fi1mwise and dropwise runs and the mass 
transfer of cooling water during the drppwise runs, 
Cq = 0.7050 (L\q- 2.145 X 105 G) + 0.0870 
142 
where q = Qd - Qf = 0.6096 - 0.5760 = 0.0336 ca~/min 
Cq = 0.7050 (0.0336 - 2.145 X 105(372.6)) 
= 0.1050 (min.)(cm2)(•c) 
cal. 
R1c = R1 - Cq = 1.2010- 0.1050 = 1.0960 (min.)(cm2)(°CVcal. 
1 1 
= (1/1.2010) - 0.34298 
= 63.29 cal./(min.)(cm2)(°C) or 7778 BTU/(hr.)(ft~}(°F) 
DISCUSSION OF RESULTS 
The experimental data collected may be divided into 
two broad classifications {1) quantitative data taken in 
order to determine the film coefficients of various drop-
and film-wise condensing systems and (?) more or less 
qualitative data in the form of observations of the per-
formance of' various ~romotors during groups of runs and 
during accelerated aging tests. To determine optimum con-
ditions of applying silicone p~motors, the best promoters 
for a given application, the lire of the promotion action 
under the myriad of' conditions and combinations pa9 sible, 
the optimum promotor molecule coniiguration, as ~ell as 
information useful in design calculations for heat transfer 
equipment and performance prediction of modified existing 
equipment is truly a Herculean task and ~ar beyond the 
scope of this work. Particularly in the case of the first 
three points mentioned the complexity of the problem can 
be appreciated by considering the profound effect slight 
changes in the chemical and physical condition of the 
meta1 surface and promotor layer have on the tenacity of 
attachment of the promotor and its promotional activ1.ty • 
• 
Slight changes even in similar surface-promotor combina-
t1.ons frequently produce seemingly contradictory results, 
and of course the number of promotor-metal comb1.nations 
is tremendous. From the inception of th1.s study this has 
been recognized ano hence a complete dete~ination or 
or optimum conditions and combinations has been lert to 
those Vi ho may wish to evaluate these materials for 
possible commercial application or ror those who might 
wish to make a detailed study of one of' the points. The 
goal here has been to g athe sut:ficient data t o decide 
whether· further studies along this l ine would be pr·ofit-
able, to point out which types o f s ubsequent investiga-
tions wo uld be valuable, ano the manner in vhich they 
mi ght be ma de. Some relatively g eneral conclusions about 
the systems under test and their possible a plications 
have been drawn. 
With these general limitations and objectives in 
mind the followin specific considerations are worthy o:f 
note. The results ill be discussed from two standpoints, 
the reliability of the data and the significance o:f the 
experimental and calculated results with respect to the 
previously expo unded goals. 
The heat transfer ooe:f:ficie nt data consist of a multi-
plic i ty o f temperature, pressure, weight and volume measure-
ments. The reliabil ity o f e a ch type of measurement will be 
considered separately. 
Tempe ature measurements were made both by thermome-
ters and thermocouples. Temperatures of the inlet and 
outlet cooling water streams to and from the sample tube 
head were measured ith argent 1/10 de gree thermometers 
having ranges of 0 to 100°C. Initial calibration was 
accomplished in the fo llowing manner. The · two 1/10 degree 
thermometers were immersed to the speci~ied depth in 
an agitated distilled water bath whose temperature was 
var:t.ed over the entire range of the thermometers. The 
boil.er thermometer and a thermocouple with an ice reference 
junction were also immersed in the bath. Simultaneous 
readings of the 1/10 degree thermometers estimated to the 
nearest one hundredth degree were taken at2 degree {C) 
intervals :from the ice point to the boiling point. Also 
simultaneous readings or the boiler thermometer and the 
thermocouple EMF were taken at 4 degree (C) intervals 
over this range. Each of the three sets of thermometers 
was calibrated in this manner. The largest variations 
between readings on the tenth degree thermometers occurred 
within about 10 degrees of the ice point. Maximum deviation 
for all sets tested was 0.3°0 and the overall average 
deviation was about o.o8°C. Within the range over which the 
t~ermometers were used (60 to 1~°C) the average difference 
:1n readings was about o.o4°C and the max:1mum 0.1oc. Assum-
ing perfect accuracy in other measurements t~s represents 
an error of l.ess than one percent in the lowest temperature 
difference encountered (1~°C), representing an error of 
much less magnitude than other potential errors. The 
checks with the absolute temperature scale were within 
O.Q20C for boiling points and 0.07°C for the ice points 
(the boiling points were corrected to rWl pressure). 
The thermocouple check measurements and subsequent compar-
ison of the the~ometer chosen as the reference in the 
above tests with a Bureau of Standards certificated thermom-
0 eter at 5 C intervals through the us e.ful range gave checks 
for all temperatures within the accuracy stated above for 
t h is scale region. This indicated no sUbstantial non-linear-
ity in the thermometer scales, a necessity if the comparison 
calibration method was to have any meaning in computing 
absolute temperature differences. 
The boiler thermometer maximum deviation was 2°C with 
an averaee difference .from the reference thermometer of 
about o.4°c. The maximum represents about 3 percent of 
the tota~ useful range of the thermometer. 
No emergent stem corrections were made because tem-
perature difference readings were the ones desired rather 
than determinations of absolute temperature. The correc-
tions .for each of the pair o.f thermometers would have been 
very nearly the same since the mercury column lengths were 
reasonably close to one another. Also the ambient temper-
ature did not vary more than four degrees (C) for all of 
the runs, tending to make stem corrections comparable 
between runs. No correction ~as made in the calculation 
to allow for the differences between paired thermometers 
.for identical readings (scale error). This Y4 as such a 
minor effect as to be considered unworthy of consideration 
because of' the extremely small ef.fect it has on the overall 
tempera.tu.re diff'eren.ce used in calculation o.f the heat out-
put to the cooling water, and hence the film coef.ficients. 
Room temperature, condensate temperature, and other 
thermometers which did not produce large scale changes in 
data leading to the film coef'fi cients were not calibrated. 
The principle s ource of' error in the thermometric 
measurements was rather large scale t em.perature fluctuation 
at various points where measurements were taken (•l°C 
maximum per run for the tenth degree thermometers). An 
appraisal or the reasons for these variations will be given 
later. Their presence ho~ever nece s sitated extending the 
run time to ?~-7 ~n. anQ obtaining an approach to the true 
inlet and outlet temperatures by a veraging a number of 
readings o.f the s e temperatures taken during the run at uni-
formly spaced time intervals. 
Measurement of' the condensate average temperature for 
evaluation of' fil~ coefficients by the Nusselt equation in 
the filmwise runs was rather difficult. The technique and 
equipment have been G.escribed elsewhere. The temperature 
desired would be that obtained in the condensate held up 
on the tube at a given instant if all heat transfer to and 
from the liquid could be stopped and all of' it gathered 
and mixed perfectly. Temperature profiles along the length 
of the tube gave relatively high reading s appro aching steam 
temperature close to the top of the tube; temperatures 
decayed asymptotically, approaching cooling water tempera-
ture toward the bottom of the tube. The last two inches 
had nearly uniform temperature; since by .far the greatest 
mass of' condensate was concentrated at the bottom of' the 
tube and because condensate temperature readings taken 
at the top of' the tube are of cbubtf'ul accuracy for reasons 
stated below, the temperature used in the ca1culations was 
the temperature of" the condensate as it gathered around 
the base of the tube just prior to dropping into the ool-
lect~on funnel. This f"inal temperature of the condensate 
was also used in computing the sensible heat lost by the 
steam condensate to the sample tube. Because of' the limited 
thickness of the condensate layer in the upper part o:r the 
tube the high readi.ngs may possibly have been caused by 
conduction of heat along the thermocoup~e leads from the 
steam space because of" the very shallow immersion or poss1 bly 
even partial immersion o:r the couple in tbe condensate. An 
immersion of" almost 3116 inch 'VIlas achieved in the readings 
at the bottom or the tubes and f'or this reason also is 
felt to represent a more reliable temperature measurement. 
Since the condensate flow down the tube was always laminar 
(because of' its short length) very little mixing occurred 
on the tube except at its lowest extremity. For this 
reason also the temperature at the bottom or the tube 
represented a closer approach to the average than those 
taken at other points. 
As was previously stated in the description of' appa-
ratus, the thermocouples mounted in the sample tube heads 
as well as in the rererence junction bath (No. 8) and the 
steam chest (No. 7) were welded couples and were checked 
for continuity and accuracy o:f reading at two temperatures 
against a calibrated .-schutz ti:lermometer, as well as at 
the ice point. Agree~ent within less than 0.1 of a degree 
was obtained (about the limit o£ accuracy of the tables 
and potentiometer used). All manual readings in this study 
were taken against an ice reference junction. The manual 
potentiometer was frequently checked against its internal 
standard cell. The eight point recording potentiometer 
plotted the sample tube head temperatures ani steam chest 
temperatures; it also made a continuous record of ice 
point temperature on the chart. This was always within 
0.1oc of scale zero. The recorder was equipped with a 
periodic self-standardization feature; however, the 
recorder was also manually standardized at frequent inter-
vals. With these precautions it is felt that any substan-
tial error in thermocouple temperature measurement probably 
occurred in poor averages of temperatures rather than in 
equipment defects or accuracy limitations. When water was 
run through the heads at constant temperature in spite of 
b.eat pickup in the head from the room all. six head thermo-
couples recorded within a temperature range of 0.5°C and 
individual recordings, checked with nears imultaneaty on 
the manual. potentiometer, showed agreement wi~hin 1 to 
2 percent of the manual reading. 
·weight measurements were made on the amount of cool-
ing water collected during the run. These measurements 
were made in tared buckets on an Ohaus solution balance 
capable of weighing to an accuracy of one grm with a 20 
kilogran load. Since the weight of water exceeded 10 
kilograms only once and averaged about seven kilograms 
(it was never under :four kilograms) the maximum w eight 
measurement error ranged :from 0.02 to 0.05 percent o:f 
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the total weight. The weight o~ condensate was also 
required in the calculations. Since the total weight 
collected in the shortest run approached or exceeded the 
maximum load of an analytical balance even without con-
tainer (150 to ?QO grams) and no other convenient or accur-
ate scale was available, the condensate weight '¥4as 
evaluated by a volume measurement and a temperature deter-
mination to establish the density of the condensate at the 
time of the volume measurement. The volume v.,as measured 
in a 100 cubic centimeter graduated cylinder to the 
nearest 0.5 cc and the temperature was measured to the 
nearest o.soc by an uncalibrated -10 to 100°C one degree 
thermometer. The probable maximum error in volume measure-
ment was 0.5 to 1 percent and the density error about 
0.0~ to O.Ou percent. These are well within the limit 
of error of the method of condensate collection in general 
and more elegant methods of condensate weight evaluation 
were unnecessary. 
The errors associated with collection o~ condensate 
and cooli.ng water may be summarized as follows: Cooling 
Water (1) non-simultaneous activation of the timer and 
condensate collector, (2} varying holdup i.n the head con-
trol cup, (3) ~olenoid valve leakage before or a:fter run, 
and (!.t) other leakage after entry of the cooling water 
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into the sample tube head. Condensate: {l) Non-simul-
taneous switching, {5) varyin holdup in the co leoti 
funnel assembly, {6) varying holdup in the diverter assem-
bly, (7) reevaporation of the condensate from the funnel 
before removal from the steam chest, ( ) additional con-
densation of steam chest steam in the funnel, (9) flashing 
of' the condensate f'rom the d ivert er weir and the co llecting 
flask and (10) imperfect alignment of' the diverter conden-
sate spout. 
To discuss these limitations individually: (1) an 
error in timin~ the run (non-simultaneous thro~ing of the 
t i mer and solenoid valve swi ches) would not affect the 
heat ba l ance of the unit but would g ive incorrect values 
for heat flux and heat transfer rate and hence would give 
incorrect values for the f llm and over all coefficients 
which were evaluated from the s e data. Non-simultmeous 
swi to bing of' the cooling v. at er an condensate streams 
(because of sticking valves or addicental eng ag ement of' 
the solenoid interlock) woul affect the heat balance and 
would also give erroneous values .for the ooef'ficients. 
The perfonnance of the solenoid svvitching assembly was 
kept under constant survelan c e and any malf'unction 
resulted in rejection and re petition of' the run in ques-
tion • hence this vv as not a factor in the accuracy of' the , 
results. l ' e timing error could not ex ceed more than two 
seconds for a 24-7 minute r u n and represents no limitation 
in accuracy. (~} The holdup between the solenoid valve 
and the top of the inner weir of' the level cup vvas 
repeatedly calibrated for both apparati used in the heat 
transfer coef':ficient determinations, and was found to be 
constant to within two cubic centim~ Considering this 
the precision of the cooling water measurements was about 
::I:0.05 percent for the smallest amount collected. (3) 
Solenoid valve leakage occurred at infrequent intervals. 
However, a check for this was made before each run and 
the cooling water drain tube was removed from the collec-
tion bucket immediately after each IUn, and i:f leakage was 
detected the run was rejected and repeated. (1-t.) Occa-
sional leakage ~ as observed around the head thermocouple 
inlets and thermometer closures. These ~ere corrected 
be:fore any run was made and do not represent a source of 
error. (5) Variation in holdup in the condensate 
collecting funnel at the beginning and end o:f a run rep-
resent a potential error in the amount of condensate 
collected. Assuming a var.tation in level of 3 em. in the 
funnel stem, the maximum variation observed, this would 
amount to only one third of a cubic centinSer error in 
the measured volume or about 0.2 percent of the total 
volume. (6) The holdup in the barometric leg of the 
di verter assembly varies w it ariation in pressure in 
the diverter body, but this pressure is maintained at a 
relatively constant value by a regulator·. Even with con-
siderable variation in pressure (which occurred in none 
of the runs)the measured volume error could not exceed 
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about 0.2 percent. (7) Evapcr ation from the coll.~otor 
funnel. might be serious if any signi.fioant area of liquid 
was exposed to the steam and if the residence time in the 
higher temperature zone was fdrl.y long. To allev1.ate 
these difficulties the vacuum in the ci1.verter housing was 
adjusted to keep the liquid level below the flared portion 
of the funnel. This reduced the area across wh1.ch evapora-
tion could take plaoe to a min1.mum~ reduced residence t1.me 
of the condensate in the unit and thus prevented its being 
reheated to boiling temperature. Thls drop in water level 
also reduced the head of liquid over the unolamped ball 
joint on which the runnel was supported and drained~ and 
thus reduced the leakage rate if any through it. Liquid 
was always maintained in the siphon tube leading from the 
funnel to the diverter to prevent drawing stean into the 
diverter chest where it might condense and erroneously 
increase the amount of condensate. (8) Conversely to 
point (7) if the funnel is maintained at a temperature 
below boiling by the condensate dripping from the sample 
tube~ there is the possibility of' condensation of steam 
on the funnel itself. The amount of condensate derived 
in this way would probably be insignificant s1.noe the 
amount of sensible heat to be extracted by the condensing 
steam would be extremal~ small since the funnel. is 
located directly above and in the center of the steam 
inlet (hence would probably be very near steam tempera-
ture. Only steam which would oondense on the relatively 
small upper surface would be collected with the oondens~ e. 
(9) Flashing of condensate in the diverter is not con-
sidered to be significant because the cooler surfaces with 
which the condensate comes into contact with ~urther 
reduces its temperature, because the amount of vacuum placed 
on the diverter· chest is so small that its internal pres-
sure is only one inch of .water ~rom atmospheric, and because 
the area o~ condensate exposed in the diverter · is merely 
the area o~ the barometric legs. Flashing or evaporation 
in the weir chamber and collection ~lask was further reduced 
by insertion of a cooling coil into this chamber to lower 
the temperature several degrees. Erlenmeyer f'lasks were 
used in the collection system to further reduce evaporation. 
No simple method of evaluating the total · evaporation is 
available and since it is not expected to be significant 
for the above mentioned reasons no f'urther attempt was 
made to determine its amount. 
The only pressure measurements involved in the studies 
were the measurements of barometric pressure used to 
compute the latent heat of vaporization of' the condensing 
steam. The pressure measurements were made with an aneroid 
barometer which had been calibrated against a temperature 
corrected Weather Bureau type mercurial barometer over the 
range of temperatures encountered in the work. The 
aneroid was found -to be accurate within 0.02 in.Hg. with 
respect to the mercury barometer. Since a rather large 
variation in pressure ·produces ·only a small change in 
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latent heat negligible error in the £inal result would be 
produced by instrument errors o£ maximum magnitude. 
One flow measurement was made, namely the rate or flow 
of the cooling water through the sample tube head. This 
was used primarily as an indication of rate at which the 
water collecting containers would £ill up; however, the 
condensate film temperatures were correlate& against these 
flowmeter readings. There were moderate fluctuations in the· 
£low rate due to power input variations to the cooling 
water pump. These £luctuations, except for minor pulses 
of: short duration, usually were within the 'following 
precision, tfi percent of' the average reading• The conden-
sate film temperatures were of' similar · it: not lower preci-
sion than the collection technique. On the basis o£ a con-
siderable amount of' run data of a given type a minimum over-
all reliability o£t6 percent of the thermocouple reading was 
attained. 
In add'ition to errors in measurement there are a number 
of' factors posing limJations on the experimental data. 
These will be listed with view to subsequent discussion and 
include (1) the effect or variation in boiler level, (2) the 
et:fect or heat loss and radiation, (3) the possibility of 
non-uniform condensing state, (4) the errect or uneven 
distribution and t:low rate or cooling water, (5) the errect 
or air in the steam chest, and (6) the ef'f'ect or heat flux 
variation especially at low cooling water mass flow rates. 
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The automatic boiler leve1 control was turned orr during 
the runs in which heat transfer coefficients were measured. 
By virtue of its cons t ruction the control had a tendency 
to add the makeup wa ter in slugs rather than continuously 
and to reduce the boiling rate or completely stop it. This 
caus ed extreme variati ons in output cooling water temperatures 
and created the possib i lity o£ air entry into the steam 
chest. Several runs were made between boiler fillings to 
increas e data productive time during pe riods or operation. 
This caused runs to be made at a number or difrerent 
boiler levels. The only errect on the results that can be 
conjured up ror this me thod o£ operation is that the steam 
produced i n the boi l er might have been slightly superheated 
by exposed heating element wires. This superheat would 
have caused an error in heat balance calculations since the 
condensate collected was assumed to have the heat content 
or saturated s team at the test conditions. Because or the 
magnitude or the heat losses or the units it is unlikely that 
the steam retaine d any superheat by the time it reached 
the s ample tubes. 
At high levels the p ossibility or entrainment or water 
in the ste am suggests it elr; however, the construction or 
the condensate collection runnel tends to cause the steam 
generated in the boiler to i mp inge on the steam chest walls 
upon entry which would be quite errective in the disengage-
ment or any liquid in the steam. 
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Heat losses ~rom the boiler and steam chest were so 
high in an initial run without steam chest insulation that 
insuf£icient steam could be supplied to keep the whole test 
surf'ace in contact with saturated steam, and made complete ex-
pulsion or air impossible. With insu~ation this condition was 
alleviated. Even with insulation it is estimated that 
one ~ourth or the heat output or the heaters was lost by 
radiation and convection .from the apparatus. An equal 
amount or heat was absorbed by the reflux condenser. These 
losses have no effect per se on the results. Radiation loss 
or pickup by the sample tube· would be a f'ac .tor causing 
a discrepancy between the heat inputs and outputs measured. 
Since good agreement was obtained between these quantities 
with taking radiation into account and since all or the 
surroundings visible to the sample tube except the narrow 
space in the insulation le.ft .for observation o.f the tube were 
at nearly the same temperature as the sample tube (hence 
giving little driving f'orce .for this mode of' heat transf'er) 
this er~ect was neglected. 
Since an appreciable amount o.f heat (one rourth o.f the 
heater output) was trans.fered to the re.flux dondenser it may 
be assumed that the steam chest was ~ree or all except traces 
of' air, the air having been carried out with the current of' 
steam to the reflux condenser. No driving force existed .for 
rurther air entry since the loss in boiler water volume would 
be compensated by an increase in steam volume as long as 
condensation continued in the re~lux dondenser. 
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An additional reason ror shutting o~r the boiler water level 
control was to eliminate the possible air source in this 
device since it employed a smail air stream in its operation. 
The efrect or air on the condensation process has been 
described at length in many literature articles and texts. 
Its overall effect is to. decrease heat transfer (lower the 
heat transfer coe~ficient) by forcing the condensing gas to 
diffUse through a ~ilm o~ non-condensing gas in order 
to reach the condenser surface and/or by forcing heat to be 
transfered through an air fi1m whose heat transfer coef~ieient 
is much lower the condensing coefficients. Irregulari-ties 
in steam output may have caused small quantities or air to 
be drawn into the steam chest. This or.inadequate dispelling 
or air initially may have caused some or the low values 
obtained ror the dropwise coefficients. This error was 
recognized from the start or the measurement, however, and 
the boilers were run at least thirty minutes under steady 
state conditions before any measurements were taken in 
an attempt to dispel residual air. 
The effect or heat flux through the condensing surface 
on the results or these measurements is somewhat unique 
to this apparatus. There are two potential effects or heat 
flux. At high flux so much condensate may be produced 
as to in effect flood the surface with condensate even though 
the surface beneath the condensate was able to produce 
dropwise condensa tiori. This r·educed the heat 
trans~er coefficients at these high ~luxes. Only the 
highest heat flux runs would be affected by this and even 
in these cases the reduction would be slight (coeff'icients 
reduced by less than 5 percent}. 
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The second heat £lux dependent phenomena and apparently 
one of' major importance to the successrul ev~luation or 
the data collected concerns a gradual increase in the water 
f'ilm resistance with decreasing heat f'lux and coolant 
flow rate over and above that calculated by normal means 
(that is by the Dittus-Boelter equation, etc.). The most 
probable explanation of' this behavior lies in lack of' turbul-
ance in the heat transfer zone of the equipment at low water 
rates. water ~lowing from the bottom or the center tube 
inside the test specimen selectively flows up the outside 
of this tube with a minimum of' mixing with the water near 
the tube walls. This causes the heat to flow through a 
relatively long path of' essentially stagnant water. 
One final source o~ error connected with the experimental 
technique concerns the condition of the inside surface o~ 
the specimen tube. Since the whole method of' calcualtion 
depends on obtaining dropwise and film condensation runs 
at the same water rate (or its equivalent as read from a plot 
of' Rl vs. water Rate) so that the water film coe~f'icient will 
be the same ~or both runs. I~ the inside surfaces of' the 
tubes are somewhat altered by the coating operation slight 
discrepancies may be noted between the two water :film eo-
ef'f'icients even though they _we·re run at the same water rate. 
A rather stringent limitation on the accuracy of the 
results arises in the manner in which the final dropwise 
heat transrer coerricient is calculated. 
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Probably the chier error was introduced by the use of 
the Nusselt equation ror calculation or R1 • The authors o~ 
the paper presenting the Nusselt equation in ·its new form 
claim only 10 percent accuracy in ~itting the experimental 
data available on the subject to the calculated coerricients.52 
The methods o~ calculation ror the various runs are 
detailed on pages 134 to 137. Since the rilmwise and drop-
wise condensation runs are related by coolant rlow rates 
but occur at dir~erent heat :fluxes~an additional correction 
in the :form or an empirical adjustment to R1 to account 
~or the increase in the water rilm coef:ficient has been 
provided. 
The apprati on which the heat transfer coer:ricient 
data were taken posed limitations on the results. They 
were originally designed as endurance test boilers :for 
extended durability runs. Although adaptation to the 
measurement or heat transfer coerricients was :fairly simple, 
it nonetheless placed a limit on the quality o:r the data 
taken. Chie:f dirficulties were: (1) The heat transfer area 
was relatively small necessitating very accurate temperature 
readings, (2) The all copper cold :finger construction o:r the 
sample tube heads complicated temperature measurements both 
52 Shea and Kraus, op. cit.," PP• 463-487. 
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because or conduction or heat away £rom the chest into the 
coolant.bypassing the heat trans£er area under test, and 
because of transrer of heat from outgoing to incoming streams 
through the pipe walls. (3) Inadequate mixing of the coolant 
(or the sample head) near the input and output thermocouples 
and thermometers gave rather erratic temperature readings. 
Also the dual output thermocouples are also a potential source 
of error. The averages used in the calculations were made 
assuming a 50-50 split or water on opposite sides of the 
output annulus. However, 1r this was not the case another 
potential error is introduced. Since the spread betwe~n 
these temperatures was sometimes fairly large (5-SOC) this 
may account for some or the spread in the calculated results. 
Six reading (minimum) averages were used in the calculation 
of all heat transfer coefficients. 
One last effect which may account for some of the 
rather low dropwise £11m coefficients is the thermal 
resistance of the film itself. In most instances no attempt 
was made to control the thickness or the £ilm and in certain 
cases this may have been s~f£icient to cause rather low 
coefficients, such as in the case of the varnish coated tube. 
In this case the varnish whitened and swelled leaving a 
deposit about 3/64 inch thick on the tube. Some or the silane 
applications also gave fairly thick fi~s but in most cases 
excess promotor £laked orr immediately in the steam chest 
leaving a thin layer of silicone on the tube surface. 
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To summarize, on the basis or error considerations and with 
the confirmation of' the heat balanc.es, the measurements or the 
overall coef.'f.'icients may be assumed to be accurate to within 
about ±3-4 percent. The heat balances had an average deviation 
or 2.5 per cent. 
Since, however, the . dropwise condensing f.'ilm is seldom more 
than 10 percent of' the total thermal resistance the measurement 
of' dropwise coef'f'icients will be extremely rough (~30-40 percent), 
particularly when it is based on calculated approximations o~ 
f'ilm condensing coef'ficients whose accuracy directly af'f'ects the 
results. 
Nevertheless, the coef'f'icients obtained did rerlect the be• 
havior of' the rilms detectably. Coatings which were abnormally 
thick (silicone varnish), or were not most ef'ricient as dropwise 
condensation promoters (the greases) gave noticeably lower coef'f'i-
cients. Those or minimum thickness and lowest wetability gave 
the highest coef'ficients. In general the higher coef'f.'icients are 
of the same magnitude as dropwise coef'ricients obtained by other 
investigators. 
Comparison of the results with those of' other investigators 
with view to testing the accuracy of the results is almost im-
possible since there is no agreement between investigators as to 
a particular value which should be assigned to a dropwise f'i1m 
coef'f'icient under a given set or conditions. This can probably 
be attributed to the erratic behavior o£ the promoted surraces 
and the ract that dii'.ferent .surfaces, dii'f'erent promoters, and 
widely varying heat i'luxes through the condensing surf'ace were 
used. 
Nagle, Bays, et al.5 3 using a chromium plated condensing 
surface two ~eat high with oleic acid promotor and with heat 
fluxes ranging from 77 1 000 to 1.70 1 000 BTU/(hr)(ft2) reported 
a range o:f coe :f:ficients :from 11.,000 - 17,000 BTU/ (hr )(ft2) (OF). 
Fitzpatrick, Baum, and McAdams54 using benzylrnercaptan 
on copper with a condensing surface six feet tall reported a 
range of values :from 7 1 000 to 16,000 BTU/(hr)(:ft2)(°F) for heat 
fluxes ranging :from 68,000 to 252,000 BTU/(hr)(:ft2). A tube 
ten :feet long and slightly :fouled with oils and rust, etc., 
carried in with the steam supply1 gave a coe:f:ficient o:f ·only 
4200 BTU/(hr)(:ft2)( 0 c). 
Schmit, Schurig and Sellschapp reported values of hd 
ranging :from 6,400 - 8 1 700 BTU/(hr) (:rt2) (·°F) in tests with 
their vertical 0.49 :ft. dia. chromium plated disc promoted with 
oil. 
53Nagle, W.M., Bays, G.S., Blenderman, L.M., and Drew, T.B. 
!£• ~·~ PP• 593 - 604. 
54 Fitzpatrick, J.P., Baum, S., McAdams, W.H., ~.cit. pp.97-107 
55schmidt, Schurig, and Sellschapp, ~.ci~, p.391. 
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Shea and Krase 56 reported coe££icients rrom 7,000 - 75,000 
BTU/(hr)(rt2)(°F) with £luxes rrom 74,000 to 276,000 BTU/(hr)(ft2 ) 
and 1.92 rt. high surrace. Their investigation revealed an 
inrluence or heat flux and surrace height on the coe£ricients 
probably due to an insulating er£ect or larger amounts or 
condensate with the higher £luxes and surface heights. 
Inspection or the coe£ficients reported on PP• 125-126 
indicate that they are in general somewhat lower than the 
literature values reported but in nearly all instances are higher 
than the 1,000-2,000 BTU/(hr)(rt2 )(°F) generally ascribed to 
£11m condensation. The con ensing tube height was approx~ately 
six inches and heat £luxes ranged rrom 30,900- 44,000 BTU/(hr)(£t2). 
56
shea•nd Krase, op.cit, PP• 463-489 • 
... --
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The following conclusions may be reached by considera-
tion of the heat transfer coefficient data reported in Table IV. 
(1) The coefficient of heat t ·ransfer of the dropwise con-
densing surface is very high (almost negligible resistance). 
The dashed spaces in which no value is given ror the 
dropwise coefficient are the result of the calculated value 
of the R1 exceeding the experimental value of 1/U0 • Since 
analysis of the method indicates that the measurement of 
these quantities should be accurate to within 3-4% of the 
average value of an extended series of measurements, it 
follows that the resistance of the dropwise surface should 
not exceed 6-8% of the total resistance to heat transfer and 
in most instances must be much less. 
(2) Since the variation in 1/hd did no~ center about an average 
1/hd value equal to zero or some small positive value but 
rather a small negative value it is obvious that some 
systematic error is involved in the determination of R1 or 
l/U0 • It has been observed that the incompatability of 
these values is most severe in instances of large difference 
in heat flux between corresponding dropwise and fi1mwise 
runs and at the lower cooling water mass flow rates. A 
simple correlation of the effects of difference in heat flux 
and G has resulted in the heat flux correction applied to 
the experimental results . in Table IV for the purpose of uni-
form adjustment of the data to permit O@mparison of the effect 
of tubing coating at some standard corrected condition. 
Development of a more complex correlation is not warranted 
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because of intrinsic accuracy limitations in the method and 
the observed scatter of the data. (If accurate values of 
the heat transfer coefficient are desired they should be de-
termined on an apparatus designed specifically for this 
purpose.) 
(3) Definite results have been drawn from examination of 
the corrected hd values for tubes with various types of 
coatings. 
(a) Silicone greases and similar material maintained 
on the surface only by their high viscosity and 
insolubility showed about the same order of magnitude 
of corrected coefficient as the all run average when 
the lowest coef"ficients were rejected (about 1 in 3) 
basis data on tubes 1, 17, 2, 22, ·and 12. These 
coefficients exhibited the highest value of the ratio 
of the average of high coefficients for a particular 
type of tube to the low coefficients. namely 2-2.5, 
indicating pronounced and frequent inefficiency of 
the coating. 
(b) Silicones having low formula weight hydrocarbon 
substituents and hydrolyzed or cured on the tube surface 
consistently gave coefficients aboat the same as or 
higher than the all tube average basis data from tubes 
3, 14, 13, .19, and il. The cured DC200 surface gave 
lower coefficients than the others of this type 
probably because of increased thickness of coating (13). 
(c) Tubes coated with slowly hydrolyzing materials 
or those whose applications resulted in thick ~ilms, 
tubes 16, 21, 20, 31, 30, and 8 gave rather low but 
consistent coefficient values, 1/2 to 1/4 of the all 
tube average. 
DURABILITY TESTS 
Several types o£ coating durability tests were made 
with varying degrees or severity. The techniques were simple 
and short, but :full exploitation of' these tests was not 
made because of' lack of time. The tests listed in order of' 
increasing severity are: · 
(1) Exposure of the sample tubes to saturated steam in 
the heat transfer coe:f:ficient boilers during heat 
transfer coe£:ficient runs. 
(2) Extended exposure to steam in the endurance test 
boilers. 
(3) Extended exposure in Apparatus III. 
( 4) Exposure to boiling . distilled w.ater. 
In the :first three tests the severity of the test was 
determined exclusively by time o:f exposure and the magnitude 
or the heat :flux. In test (1) the length o:f exposure was 
Short, never exceeding six or seven hours, and the maximum heat 
:flux was never experienced :for more than one hour. In tests 
(2) and (3), times of exposure were in the order of' a day, and 
runs were made at maximum heat :flux (high water rates). The 
increased heat :flux produced more condensate with its attend-
ant scouring and eroding action on the tube sur~ace coating. 
It also raised the tube wall temperature. Test (4) subjected 
the tubes to theerosive action o:f a much larger and more 
violently agitated mass of water and vapor. In addition 
the temperatures attained at the coating-tube interface were 
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much higher than those encountered when heat transfer was taking 
place through the tubes. 
The results achieved by these tests must be evaluated in 
view or the following limitations: 
(1) The conclusions drawn are made on the basis of one or at 
most two samples and hence minor rlaws in tube pre-
paration or promotor application would have a dis-
proportionately large influence on the results. 
(2) Many variables, e.g.--coating thickness, curing 
time and temperature--which probably have major 
inf'luences on coating durability were not clos_ely 
controlled. 
(3) The tests used, particularly (4), were not exactly 
equivalent to extended runs at normal temperatures 
of' operation. 
Nearly all coatings exhibited about the same degree of 
dropwise condensation promotion action when f'irst applied. 
With the exception of' the varnish (which whitened and swelled) 
any decrease in the amount or dropwise condensation appearing 
on the test surface was due to actual removal or the promotor 
and not to loss or promoting ability. 
To analyze the data presented in Table V, four potential 
inrluences are worthy or consideration. (1) effect of' tube 
preparation, (2) effect of' coating method, (3) effect o~ 
promotor hydrocarbon substituent and chemical form, and (4) 
the effect of' coati·ng cure. 
None or the tubes listed in Table V showed any sign of 
failure r.rom poor preparation of tube surface. Several tubes 
promoted with silicone grease with no cure in the same manner 
as tubes 1 and 2 but with less care:f'ul preparation or the 
tube surface lost promotor activity on large areas or the 
tube surraee within a one hour exposure to st~am. It is 
felt that this was the result o:r poor degreasing of the tube 
sur:race. An acetone degreased but otherwise unprepared tube 
did not exhibit this e:r:rect. None of the sample tubes used 
in the recorded durability tests lost activity rapidly over 
large areas, hence it has been concluded that tube preparation 
has no errect on the coating durabilities reported since 
grease and other weakly attached surface impurities have been 
removed. 
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Methods o:r application which feature :ror.mation of the 
coating material on the tube surface or deposition by 
evaporation from a volatile solvent seem to give a more 
uniform and a more tenacious coating. This probably occurs 
because the promotor is given a better opportunity to penetrate 
and fill irregularities on the surface. The acids formed in 
the hydrolysis of the chlorosilanes may also produce some 
additional scouring action on the sur:race and weak chemical 
bonding of the coating to the surface is also a _possibility 
particularly when the coatings are cured at high temperature. 
In surface hydrolysis of the silane there appeared to be 
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a slight advantage to applying the silane to the tube rather 
than the hydrolyzing agent, probably because it eliminated 
water (or alcohol) pockets under the rilm, and ravored surrace 
interaction and bonding. 
The grease and Dri-Film coated tubes (both applied by 
rubbing) railed first in both Tests (3) and (4). 
The rinal two influences are somewhat interrelated, both 
dealing with the chemical makeup or the film. The hydro- . 
carbon substituent on the silane or siloxane has little appar-
ent errect on the promotion or dropwise condensation at least 
by qualitative observation, and has little efrect on coating 
durability. Its principle inrluence in these tests is probably 
to effect the ease of hydrolysis or the various silanes. The 
hexadecyl and phenyl trichlorosilane treated tubes illustrated 
this errect. The hexadecyl substituent imparts a greater ease 
or hydrolysis to its silane as opposed to the phenyl group. 
This probably resulted in a more cross linked, more completely 
condensed, and hence a harder, stronger film. The comparisons 
cited are only true when the materials are treated under the 
same conditions as in this test. Similar degrees or condensa-
tion and cross linking can be obtained by varying condensation 
and curing conditions. 
It should be noted that ethylene glycol produced a 
slightly more durable coating than ethanol. This again is 
probably due to formation or higher molecular weight, more 
cross linked polymers since the curing temperatures were not 
surriciently high to decompose the silicic acid esters. 
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By rar the most pronounced e .rrect on coating durability, 
however, was that or curing conditions. Longer curing t~es 
and particularly higher curing temperatures produced the most 
durable coatings, bearing out the premise or -the previous 
paragraph. The coatings are most tenacious and strong when 
highly cross linked and as completely reduced to the -Si-0-Si-
(condensed) siloxane linkage as possible. The tubes treated 
with partially condensed silicone oils and cured at the 
highest temperatures bear this out. 
To summarize on the basis or the meager data available, 
tube surface preparation must be sur£icient to remove grease 
and other surrace impurities which are l~ss tenaciously held 
than the promoters. 
The promotor application is best accomplished by direct 
hydrolysis or silanes on the surrace or by application of vol-
atile solvent-silicone oil mixtures. Hydrocarbon substituent 
type has little errect on durability except to influence the 
reactivity o~ the silane and hence produce more bonding ir the 
reaction time is limited. Apparently any constituent, silane 
or esterifying agent, which tends to produce a more highly 
cross linked, higher molecular weight :film produces a stronger 
:film. 
Last, the most pronounced efrect on coating durability 
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detected in these tests was that of curing time. It is 
apparent from the data that curing time of severa1 hours at 
temperatures approximating 400°C (depending on the si1icone) 
are necessary to produce the best coating. 
As previously mentioned, a review of the literature 
revea1ed only two reported investigations which dea1 with 
the determination of coating durability. 
The primary purpose of the discussion and c1aims of 
USP 2469729 57 was to describe a process for applying 
silicone layers to condenser and heat exchanger surfaces 
using s11anes o~ various types and po1yhydric mcoho1s. 
However in his app11cation Hunter i1lustrated the durabi1ity 
of his coatings by subjecting cooled specimen tubes to the 
action of 1ow pressure steam for extended periods of t~e. 
The resu1ts tabu1ated below are those reported in the patent. 
In these tests water was used to hydro1yze the s11ane. The 
observations were made after 48 hours of continuous exposure 
to steam. 
TUbe Treatment 
Type Diethyl Monoethy1 Untreated dichloros11ane trich1oros11ane 
Steel F D D 
Copper F D D 
Brass F D D 
Glass F D D 
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In the preceeding table: 
F means £11m condensation~ D means dropwise condensation. 
Although this test is somewhat qualitative in nature 
it does conrirm the results obtained in the durability tests. 
The period or exposure reported is longer than any or the 
tests made in this work. 
While not concerned with promotion or dropwise condensa-
tion in heat exchange equipment the water repellancy tests 
or Johannson and Torok58 serve to conrirm some or the con-
clusions of test severity and optimum curing made in this 
section. 
In these tests small glass rods were cleaned~ coated 
with silicones in a variety or ways~ and exposed to a 
number of durability tests arranged to have some relation-
ship to conditions which the coated parts would have ~ 
military electronic equipment. 
(1) Exposure to 100% relative hUDddity at 25°C 
(2) Immersion in distilled water 
(3) Immersion in a ~ solution or sea salt. 
(4) Exposure in a weatherometer (and on ractory roors) 
(5) Storage in mildew cabinets 
Tests 4 and 5 have no direct relationship to this 
research; however~ tests 1 thru 3 greatly resemble the 
durability tests or this work. Similar conclusions have 
57Hunter, J. B.; USP 2469729~ May 10• 1949. P• 5. 
58Johannson and Torok~ 2£• ~·• PP• 296-302. 
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been reached by the authors of this paper as to test sever-
ity as may be seen from the following test data. 
The values given are surrace resistances of identically 
treated samples having been exposed to the conditions specified 
and having had water condensed on their surface just prior 
to resistance measurement. 
Typical samples have been chosen for each treatment. 
Resistance in megohms 
Time of Tnnnersed in Immersed in Exposed to 
Exposure Sea water Distilled H2 o 100% Humid. 
1 min. in£. inf. inr. 
1 day 23000 inr. inf'. 
2 days 22500 inr. in:r. 
4 days 4500 in:r. in:r. 
5 days 9000 inf. inr. 
7 days 3500 in:r. in.f. 
11 days 200 41000 in.f. 
18 days 130 2600 in:r. 
26 days 400 350 inr. 
~3 days 40 2300 in:f. 
40 days 60 200 inf. 
It is interesting to note that the surface resistance 
of identical untreated samples averaged .from o.o3 to o.o7 
megohms with no change with respect to time. 
The authors of this reference also recommend on the 
basis of extensive tests that in the application o.f liquid 
silicones in volatile solvents to glass surfaces that the 
material be baked approximately 2 hr. at 275-3000C :ror 
silicones o.f the type described :for maximum durability. They 
have .found that higher temperatures are not beneficial and 
cause a reduction in durability though baking time is reduced. 
CONCLUSIONS 
The £o1lowing conclusions_have been reached from the 
results or this work: 
(1) Although great accuracy could not be achieved by 
the measurement tec~ques used coerricients or the same order 
or magnitude as those obtained by other worke~s have been 
obtained by promoting dropwise condensation on copper tubes 
with various types or silicones. Some indications could be 
seen or the introduction o£ additional thermal resistance by 
abnormally thick layers o£ promotor. Also the less e:t.ricient. 
more easily removed promotors have lower coe££icients and 
vice versa. 
(2) The determinations o£ overa-ll coef£icients :for both 
:f~lm and dropwise condensations showed an average deviation of 
about 2.5 percent. 
(3) Coating durability is directly dependent on proper 
sur:face preparation, particularly the removal o:f grease and 
other weakly held impurities. 
(4) Proper curing o:f the silicone coating is an ~portant 
£actor in coating durability (several hours cure at approx. 
400oc was =round to be advantageous in the tests reported). 
(5) Application o:f silicone by evaporating a partially 
condensed oil :from a volatile solvent or by reaction o£ a 
silane with a hydrolyzing agent on the sur~ace to be treated 




(6) Use o~ silanes~ hydrolyzing and condensing agents, and 
conditions which promote crosslinking and high molecular weight 
in the promoting coating increase coating durability. 
SUGGESTIONS FOR FURTHER WORK 
From the Discussion o:f Results and Conclusions or this 
thesis it is undoubtedly apparent that a complete evaluation 
o:f silicones as dropwise condensation promptors has only been 
begun in the work reported. The :following appear to the author 
to be the most profitable avenues along which ruture work 
could proceed: 
(1) Modirication o:f the existing apparatus so that the 
water temperatures exiting from the heat transfer 
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zone are completely mdxad when the temperature is taken. 
(The use ot: more .accurate temperature measuring devices 
is also suggested). These ~its are particularly userul 
t:or measuring rough heat transt:er coefficients of coat-
ings on sample tests when a large number of promotor, 
preparation, and tube metal combinations are tried. 
Tube wall temperatures should be measured periodically 
to check the coefficients measured by the present method. 
(2) Correlation of tube preparation and cleanliness with 
coating durability. 
(3) Correlation of promotor type with promotion et:t:iciency 
and durability. 
(4} correlation .ot: coating technique and curing techniques 
with promotor durability. 
(5) Design .an apparatus for the precise determination o:f heat 
transfer coet:t:icients and determine values t:or a small num-
ber ot: promising promotors. Direct detarmdnation with 
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tube wall temperature measurements is suggested. 
(6) Measurement of the contribution or the promotor to the thermal 
resistance o~ the exchanger ·tube by dirrerence using the above 
apparatus with zirconium tubes with and without promotor. A 




The tables presented in these appendices have been completed 
or compiled to racilitate interpretation o~ the data given in pre-
vious sections. Experimental data is also presented which might 
be or usero other investigators but whose importance to the pre-
sent investigation did not warrant its inclusion in the Results. 
A list of' the tables included as well as ref'erences to the source 
or all outside data f'ollows: 
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Appendix I -
Table VI - Nomenclature 
Appendix II -
Table VI I - Additional Experimental Data 
Table VIII - Sample Tube Dimensions 







Table IX - Density of' Condensate vs Temperature59 194 
Table X - Latent Heat Condensate vs Pressure60 197 
Table XI - Condensate Film Temperature vs Rw 198 
Table XII - Thermal Conductivity vs Temperatura61 201 
Table XIII - Viscosity vs Temperature6 2 203 
Table XIV - Ft vs r T 205 
Hodgman~ c.n.; Handbook of' Chemistry and Physics~ Chemical 
Rubber Pub. Co.~ Cleveland. 1943~ P. 1617 
60 Ibid, p. 1790 
61 Washburn~ F.W.; International Critic~l Tables, Vol. V; Mceraw-
Hill Book Co., New York~ 1929. p.227 
61 Ibid~ p.10 






TABLE OF NOMENCLATURE 
area, cm2 
lid correction, cal. 
heat £lux correction, 
(min)(om2)(0C)/cal. 
diameter - om, in. 
diameter or sample tube 
shoulder, in. 
Nusselt correction factor 














3 :a. I 
k:r fr 8c"D~rw 
178 
velocity head, in.Hg vs ~0 
difference in heat fluxes, 
cal/min(unit area) · 
temperature difference, oc 
log mean temperature d1r£er-
ence, 0 c . 
h 




thermal conductivit2, (cal)(cm)/(min)(cm )( 0 c) 
total pressure in steam chest, 
in Hg, psi 
lumped tube wall and water 
r1~ resistance,(min)(°C)(om2)/cal. 
R~ corrected ~or heat flux, 
\min)(°C)(cm )/cal. 
Q - total heat output, calo . 
q heat flux, cal/m~n.(unit area) 





overall coefficient cal/(min)( 0cXc~ 
total weight, 8• 
weight per unit time, g./min. 
latent heat of vaporization, sub s 
of steam, sub c - of condensate 
),(_- viscosity, . mp~. 
r- mass flow or condensate per unit width or condensing! sur.tace - g/min em 
B - boiler 
C - condensate 
d - dropwise 
t - f11mw1se or at film con-
ditions 
I - inlet 
0 - outlet 
o - eutaide 
r -,run 
a - steam 
t - tube 
w - cooli~g water 
em~ condensate at time of 
measurement 
c~- coated section 
lJO- uncorrected 
1--6- locations in the 
sample tube head 
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APPENDIX II 
TABLE VII - ADDITIONAL EXPERIMENTAL DATA 
Temperatures °C 
Run No. Tr Tcm Tlw T2 T4 T5 
1-1-H 27.5 :;a.s 21.21 19.7 y.t..o 32.0 
1-2-H 27.5 35.8 22.39 21.5 43.7 14-1.9 
1-3-H 27.5 JS.6 22.33 21.6 43.5 42.3 
1-4-H 27.5 37·g 21.54 20.7 37-9 36.5 
2-l.-H 29.g 39.6 19.84 20.9 34.3 36.4 
2-2-H 2g.7 39.0 21.04 23.4 43.6 45.1 
2-3-H 27.5 35.0 17.05 l.S.2 37·5 37.g 
2-4-H 30.5 40.0 19.78 20.6 31.8 34.1-
3-l.-H 25.0 32.2 20.60 21.! 41.8 36.3 
3-2-H 25.0 33·7 18.64 19.0 ' 31.6 24~~ 
3-3-H 27.0 35.8 21.oa 23.0 4S.7 45.0 
3-4-H 27.0 37.1 '19.32 20.5 35.4 33.2 
1-1-F 27.5 43.0 16.2g 16.9 33.1. 27.2 
1-~-F 2g.o 42.5 15.93 17.0 33.2 2g.2 
1-3-F 25.0 3g.o 20.15 19.4 34-7 36.! 
1-4-F 25.0 39.5 19.60 l.g.4 30.3 2g.2 
1-5-F 26.0 }6.0 20.01 20.et 29.3 33.9 
1-6-F 23.6 39.5 20.14 21.1 37.6 42.g 
1-7-F 23.6 3g.s 19.44 20.1 29.5 3g.l 
1-8-F 23.6 37.1 19.63 22.5 41.6 45.0 
1-9-lP 23.6 36.0 24.56 24.6 57.2 59.4 
1-l.O-F 23.7 37·2 20.75 21.4 36-7 37.$ 
1-l.l.-F 2S.OO 4o.o 20.30 21.3 30.4 36.4 
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Run No. IJ Tr I 'rem I TJ.w I 'f2 I T4 I '1'5 
1-12-F 27.g 3g.5 24.70 23.1 4S.5 49.2 
1-13-F 22.! 37.0 20.09 20.6 42.2 35·9 
1-14-F 23.0 37.4 20.63 21.1 44.7 37.4 
1-15-1' 23.0 37.6 22.43 23.2 57.0 53.4 
1-16-F 24.0 37.9 19.34 . 19.9 :;6.4 30.4 . 
1-17-F 26.0 36.5 19.77 21.1 35.4 35·3 
1-lg-F 26.3 37.0 20.50 21.5 4o.4 41.1 
1-19-F 24.5 36.0 20.gl 2l..S 44 •. 1 44.1 
l.-20-F 24.2 37·0 21.94 24.6 54.4 55.2 
1-2l.~J' 24.7 3S.O 19.19 19.5 27.7 32.8 
1.-22-F 24.g 36.2 19.62 20.6 33.0 37-3 
l.-23-F 23.0 38.5 20.36 22.1 42.6 45.f£ 
1-24-F 23.0 37·0 2l..S9 22.g 5l..g 51.9 
l.-25-F 26.6 3g.o 20.13 20.5 41.0 31.5 
J.-26-F 27.3 4o.o 20.65 21.2 4o.4 40.1 
1-27-F 2S.6 33.2 21.47 22.3 . 45.2 44.2 
1-2S-F 26.S 39.6 22.7g 24.4 56.2 55.4 
l.-1-FW 30.8 39.0 23.30 22.9 37.2 41.7 
1.-2-FW :;o.o 37.0 24.30 24.6 40.1 44.g 
1-3-FW :;4.0 42.7 24.6g 24.6 42.2 49.g 
2-1-F 25.0 29.S 17.00 17.! 34.0 32.5 
2-2-F 25.0 25.2 19.10 20.6 40.9 40.3 
2-3-F 27.5 :;g.; 20.6g 22.2 31.1 :;g.g 
2-4-F 2g.]. 37·3 20.32 21.2 31.5 36.2 
2-5-F 23.7 )4.0 19.S9 20.6 37.1 32.1 
1'81 
Run No.fl Tr I Tom I T1w I T2 I T4 I T5 
2-6-F 23.7 }4-.o 19.55 20.2 35·5 32.2 
2-7-F 27.S 35.0 20.20 21.0 35.0 35·g 
2-e-F 27.g 35.0 19.27 19.7 2g.5 29.4 
2-9-F 29.g 33·3 20.06 21.3 31.2 34.6 
2-10-F 24.5 33.6 20.18 21.6 36.1 41.0 
2-11-F 24.0 33.6 20.33 22.2 4o.o 44.g 
2-12-F 23.0 33.0 19.gl.. 21.2 33.1 4o. 7 
2-13-F 25.0 }4.0 19.43 20.2 35.1· 27.4 
2-14-F 25.0 32.S 1.9.63 20.7 36.3 32.5 
2-15-F 23.0 33·5 19.g9 21.6 3S.6 39.8 
2-16-F 23.0 34.0 20.36 23.1 43.4 46.1 
2-17-i' 27.2 35·g 19.9S 20.6 32.7 31.4 
2-1S-F 27.6 37.0 20.33 21.6 35.S 39.6 . 
2-19-F 27.2 3s.o 20.90 22.9 4J..g 43.5 
2-20-F 26.7 3g.J. 21.23 24.6 47.5 49.7 
2-21-F 26.S :;g.g 1 20.19 20.6 . 27.7 33.0 
2-22-F 26.2 37.6 '20.76 21.1 32.2 35.1 
2-23-F 26.2 3g.l 121.61 21.7 40.7 41.2 
2-24-IP 25.g 36.7 1 21.94- 22.5 49 ~ ·~ 46.4 
2 -25-1' 26.3 37.0 20.16 20.S 31.1 39.7 
2-26-f 26.3 37-5 _20.33 21.4 :;4.4 42.2 
2-27-F 26.2 37·0 20.53 22.1 36.0 44.4 
2-2S-F 25.2 36.7 21.44 . 24.7 46.:; 52.6 
2-1-FW 30.0 33.0 22.60 23.6 33·5 3g.g 
2-2-FW 2S.5 39.0 23.20 24.g 37.4 45.2 
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Run No. II Tr I Tom I T1w I T 2 I T4 T5 
2-3-FW 32.7 34.2 23.53 25.3 38.2 46;.0 
1-1-D 25.8 3g.o 20.24 21.0 32.g 32.8 
1-2-D 26.2 39.l. 21.12 22.1. 37.g 14-3.5 
1-3-D 26.5 39.7 21.76 23.1 44.6 47.4 
l.-4-D 31.S 44.3 22.95 22.g 37.g 3S.5 
l.-5-D 33·7 44.6 23.96 24.2 45.0 46.6 
1-6-D 31;s 44.7 25.00 25.0 49.0 52.9 
l.-7-D 32.S 43.0 22.52 23.1 32.8 35.8 
l.-8-D 33·0 43.0 23.40 23.1 37·3 3S.3 
l.-9-D 31.1 42.8 24.97 26.3 50.6 51.0 
1-l.O-D 32.9 42.5 22.18 23.3 34.1 47.5 
1-1.1-D 33.0 43.2 23.06 23.6 39.6 48.5 
1-12-D 32.S 44.3 24.77 25.2 53·5 5S.2 
1-13-D 2g.o 4o.o 22.41 23.3 37.2 4o.6 
1-14-D 2S.5 40.! 23.59 25.4 4g.g 50.0 
1-15-D 27.g 39.e 22.$5 24.5 44.2 46.5 
1-16-D 33.2 43.7 22.12 23.0 33.7 35.1 
1-17-D 32.0 42.4 22.g5 22.6 43.0 44.3 
1-l.g-D 30.6 44.0 23.og 24.3 46.0 49.8 
1-19-D 30·3 39·5 22.11 23.2 41.2 38.3 
1-1-DW 30.0 30.0 1 22.36 23·7 38.2 42.9 
2-1-D 26.2 37.4 20.68 21.7 34.5 33.4 
2-2-D 25.g 36.6 20.97 22.6 39.5 37.7 
2-3-D 26.0 3g.o 21.47 24.2 47.2 45.6 
183. 
Run No. II Tr I Tom I T1w I T2 I T4 I T5 
2-4-D 31.S 39.0 22.37 23.3 34.0 · 39.5 
2-5-D 31.g 41.g 23.10 25.0 42.3 44.9 
2-6-D 31.8 40.2 23.gg 27.5 47.5 51.4 
2-7-D 32.S 41.0 22.01 22.g 29.0 42.7 
2-8-D 30.g 4o.o 21.!3 23.9 35-5 49.1 
2-9-D 30.5 36.g 22.55 25.1 44.g 53.6 
2-10-D 32.9 37 .g 21.70 22.6 32.g 38.5 
2-11-D 32.9 37.9 22.21 23.9 38.1 44.2 
2-12-D }4.1 37.S 2}.24 25.g 46.5 50.6 
2-13-D 28.7 39.3 22.14 23.3 33-5 41.2 
2-14-D 2S.O 37-5 22.47 24.9 4o.4 4g.9 
2-15-D 27 .o 39.5 22.SS 26.1 45.7 51.8 
2-16-D 33·3 41.4 22.17 23.2 31.·1 41.7 
2-17-D 32.0 41.2 22.14 24.2 44.6 37.0 
2-18-D 30.3 35· 3 22.66 25.4 42.6 4S.7 
2-19-D 30.0 31.5 22.53 24.4· 42.9 42.3 
2-1-DW 28.3 }a.S 22.63 24.4 39.3 46.6 
3-1-DE 26.g 20.34 24.0 44.S 4-4.3 
TABLE VII -ADDITIONAL EXPERIMENTAL DATA (CONT 1 D) 
Temperatures oc Heater Cond.CbJl Level. 
I Voltage (in.H2o: Run No. T6 T-f Vh Vac. Control 
1-l.-H 37.6 93.6 9g 2.0 On 
1-2-H 43.9 96.6 9g 2.0 oft 
1-3-H 44.7 96.2 9g 2.0 off 
1-4-H 4o.4 95.4 9g 2.0 oft 
2-1-H 37.6 94.S 115 1.0 of'f" 
2-2-H 42.6 94.0 115 1.0 . of"f" 
2-3-H 38.7 95.4 113 1.0 orf" 
2-4-H 33·9 93.7 115 1.0 of"f" 
3-1-H 39.1 94.3 96 4.0 oft 
3-2-H 29.2 93.g 96 4.0 oft 
3-3-H 47.5 94.2 96 4.0 orr 
3-4-H 36.3 94.4 96 1.0 oft 
1-l.-F 35.4 94.4 95 1.0 off" 
1-2-F 36.7 95·3 95 1.0 off" 
1-3-F 42.9 95.5 97 -1.0 o-rt 
1-4-F 36.2 95.3 97 1.0 oft 
1-5-F 36.8 94.9 9g 2.0 ot:t 
l.-6-F 41.5 96.4- 97-5 2.5 ort 
1-7-F 37·3 96.g 97.5 2.5 ort 
1-S-F 44.0 97.0 97-5 2.5 ort 
1-9-F 56.5 97.1 97-5 2.5 ott 
1-10-F 40.1 96.1 97 2.5 oft 
1-11-F 37.6 96.4 97 2.5 otf 
185 
Run No. 'f6 T7 Vih 
Cond. Level Control. Vac. 
l.-12-F 50.3 96.5 97 2.5 orr 
1-13-F 39.8 97.1 9S 1.0 off 
1-14-F 42.6 96.5 9S 1.0 off 
1-15-F 57.6 97.3 9g 1.0 off 
1.-16-F }4.2 96.5 9S 1.0 off 
l.-17-F 38.0 95.2 9g 1.0 ot:t 
1-1g-F 42.0 95-g 9S 1.0 ort 
1-19-F 44.4 95·0 9S 1.0 · orr 
1-20-F 52.g 95-5 9S 1.0 off 
1-21-F 33·5 94.5 9g 1.0 off 
1-22-F 37-3 93.6 9S 1.0 off 
l.-23-F 44.S 96.5 9S 1.0 oft 
1-24-F 51.1 94.4 98 1.0 off 
1-25-F 36.2 95.1 100 l..O off 
l.-26-F 40.6 95.2 100 1.0 oft 
1-27-F 45.4 94.9 100 1 • . o oft 
1.-2g-F 52.8 96.0 100 1.0 off 
1-1-FW 4o.o 92.1 100 1.5 ott 
1-2-FW 43.6 93.1 100 1.5 ott 
1-3-FW 45.g 97.2 100 1.5 oft 
2-1-F 34.0 93.7 113 1.0 ott 
2-2-F 39.5 95.4 113 1.0 oft 
2-3-F 40.9 96.7 115 1.0 of't 
2-4-F 36.g 96.2 115 1.0 off 
2-5-F 35-7 95.6 115 1.0 off 
186 
-..-., "' II T6 
' 
IJ vh II Cond. Jl Run No. T7 Control Vac. Level 
2-6-F 33.2 95.g 115 1.0 ott 
2-7-F 37.9 95.5 115 1.0 ott 
2-g-F 33.3 95.9 115 2.0 ott 
2-9-F 35.0 95.5 115 1.5 ott 
2-10-F 39.g 96.0 115 1.5 oft 
2-11-F 42.4 96.0 115 1.5 oft 
2-12-F 37·3 95.9 115 1.5 otf'-
2-13-F 32.4 94.S 115 1.5 oft 
2-14-F 35.S 95.7 115 1.5 ott 
2-15-F 39.6 96.2 115 1.5 ott 
2-16-F 43.g 96.1 115 1.5 oft 
2-17-F 33.2 95.7 119 1.5 ott 
2-1!-F 37.2 96.1 119 1.5 oft 
2-19-F 41.4 96.1 119 1.3 ott 
2-20-F 46.7 96.g 119 1.3 ott 
2-21-F 35.4 95.4 100 1. 3 . oft 
2-22-F 39.0 94.9 99 1.3 off 
2-23-F 43.9 95.2 100 1.3 ott 
2-24-F 48.0 95.2 100 1.5 of't 
2-25-F 34.9 95.6 120 1.5 ott 
2-26-F 37 ·3 95.3 120 1.5 ott 
2-27-F 39.6 95-3 120 1.5 oft 
2-28-F 47.4 96.7 120 1.5 ott 
2-1-FW 36.6 96.4 120 1.3 ott 
2-2-FW 41.6 96.a 120 1.3 ott 
i87 
Run No. II T6 I T7 I[ vh II~~:~· II Level Control 
2-3-FW 42.~- 96.7 120 1.5 orr 
1-1-D 37-5 96.g 100 1.5 or-r 
1-2-D 47.2 96.1 100 1.5 or-r 
1-3-D 46.g 96.S 100 1.5 of"f 
1-4-D 41.2 96.4 100 1.3 off 
1-5-D 46.7 97.0 100 1.3 off 
1-6-D 52.0 96.9 100. 1.3 off 
1-7-D 39-7 94.s 100 1.3 . orf 
1-S-D 41.2 94.2 l.OO 1.5 off 
1-9-D 49.7 93.g 100 1.3 off 
1-l.O-D 39.4- 96.5 100 1.3 orr· 
1-11-D 43.7 96.2 100 1.5 off 
1-12-D 53.4 96.6 - 100 l.g orr 
1-13-D 41.l. 96.4 100 1.g off 
1-14-D 50.2 97.2 100 1.g. o:rr 
1-15-D 46.2 97.3 1.00 l.g of-£ 
l.-16-D 4o.l;. 97 -~· 100 2.0 off 
1-17-D 42.9 96.3 100 1.5 orr 
1-1g-D 46.5 97.2 100 2.0 otr 
1-19-D 42.1 ' 94.9 100 2.0 ott 
1-l.-DW 40.1 95.4 100 2.0 orr · 
2-1-D 37.6 97.3 120 1.5 otr 
2-2-D 4o.g 96.7 120 1.5 o:rr 
2-3-D 45.3 97.2 120 1.5 off 
18S 
Run No. II T6 I T7 II "'h II ~~~~- II Level Control 
2-4-D 39.S 97.~ 120 1.5 off 
2-5-D 46.1 97.4 120 1.5 off 
2-6-D 49.1~ 96.9 120 1.5 off 
2-7-D 3g.o 96.g 120" 1.5 off 
2-S-D 42.4 96.4 120 1.5 off 
2-9-D 46.0 96.S 120 1.5 off 
2-10-D 36.g 9S.6 . 120 1.5 off 
2-11-D 42.0 97.4 120 1.5 off 
2-12-D 46.4 99.5 120 1.5 orr 
2-13-D 37-9 96.9 120 1.5 off 
2-14-D 43.g 97.2 120 1.5 off 
2-15-D 47.6 97.5 120 1.5 off 
2-16-D 3S.5 96.5 120 1.5 ott 
2-17-D 40.9 96.6 120 1.3 off 
2-lS-D 46.4 97.1. 120 1.3 off 
2-19-D 43.0 97.2 120 1.3 ott 
2-1-DW 41.6 97.2 120 1.0 off 
3-1-DE 47.2 98.3 110 2.5 on 
Ia9 
APPENDIX II 
TABLE VIII - SAMPLE TUBE DIMENSIONSl 
Apparatus I Apparatus II 
Tube Ro.f L8 I Los Do De Tube No. La I LOB Do I Da 
3 0.593S 5.gl2 o.g73 1.050 11 0,6875 5.750 o.S73 l.OJO 
1 0,6250 5.781 0.874 1.033 2 0.5625 5.844 o.g73 1.051 
19 0.6562 5.6gg 0.877 1.054 13 o.6g75 5.719 0.877 1.139 
14 0,6250 5.719 o.g76 1.04o 20 o.6S75 5.719 o.S75 1.045 
22 0.6250 5.750 . 0.877 1.043 12 0.6562 5.781 o.S76 1.054 
17 0,6562 5·750 o.g76 1.042 g 0.6875 5.781 o.S75 l.o4o 
16 0.6562 5·750 o.S76 1.041 21 0.6562 5.656 o.e8o 1,051 
31 0.5625 5.875 0.997 1.045 JO 0.5625 5.875 0.997 1.045 
1 in inches. 
APPENDIX III 
SAMPLE DATA SHEETS 
1.90 
Mimeographed data sheets were prepared at the start 
of this investigation to facilitate the recording of' data~ 
and insure against chance ommission of' important data. The 
data sheets reproduced in Figures 21, 22, and 23 on the 
following pages were used throughout the runs and proved 
satisfactory in content and arrangement. 
Figure 21 



















Room temp. Bar. press. 
-------- ------- -----






Time o:f· coll. 
Cooling Water Data 
Weight or cooling water 
-------------------
-----





IW OW B 
Condensate Data 
1 2 
Mass rlow rate 
-------------------
Recorder Da.ta 
3 4 5 6 7 
Volume o:f Condensate Collecte Temp. o:f meas. 




Wetability or tube sur~ace: 
Mode or condensation: 
Time Mode Comments 
192 
Figure 23 
~Tube Wall Temperature Data 
Potentiometer cold junction setting and temp. 








3 4 5 6 
Tube No. 
7 8 
Temp. 0 c o.o 0.1 
25 0.99707 704 
26 681 67g 
27 654 .651 
2g 626 623 
29 597 594 
30 0.99567 564 
31 537 534 
32 505 502 
33 473 470 
34 440 437 
35 0.99406· 4o2 
36 371 36g 
37 336 332 
3g 299 295 
APPENDIX IV 
TABLE IX - DENSITY VS. TEMPERATURE 
OF WATER IN G./CM~ 
0.2 0.3 o.4 0.5 0.6 0.7 
702 699 697 694 691 6g9 
676 673 670 66S 665 662 
64g 646 643 640 637 634 
620 617 614 611 609 606 
591 5gg 585 582 579 576 
561 55g 555 552 549 546 
531 527 524 521 51S 515 
499 · . 495 492 4g9 4g6 4g7 
466 463 460 456 453 450 
433 430 426 423 420 416 
399 396 392 3gg 385 3g2 
364 361 .357 354 350 346 
329 325 321 31S 314 310 
















TABLE IX- DENSITY VS. T~MPERATURE (CONT 1D) 1~5 
Temp. o.o 0.1 0.2 0.3 o.4 0.5 o.6 0.7 o.g 0.9 
39 262 25S 254 251 247 243 239 235 232 228 
4o 0.99224 220 216 213 209 205 201 197 194 190 
41 1g6 1g2 17g 174 170 166 163 159 155 151 
42 147 143 139 135 131 127 123 119 115 111 
43 107 103 099 095 091 086 og2 07g 074 070 
44 066 062 058 054 050 046 041 037 033 029 
45 0.99025 021 016 012 oog 004 1999 1995 1991 19S6 
46 0.9g982 978 974 969 965 . 961 957 953 94S 944 
47 94o 936 931 927 922 918 914 909 905 900 
ij.g 0.98S96 S92 887 gg3 878 874 870 865 861 856 
49 g52 g4s 843 838 .8}4 830 825 S20 Sl6 Sl2 
50 0.98807 go2 798 794 789 784 780 . 776 771 766 
51 762 757 753 748 743 7Ja 734 729 724 720 
52 715 710 706 701 697 692 6g7 6S3 67g 674 
53 669 664 659 655 650 645 640 635 631 626 
54 621 616 611 607 602 597 592 5g7 5g3 57g 
196 
TABLE IX - DENSITY VS. TEMPERATURE (CONT'D) 
Temp. o.o 0.1 0.2 0.3 0.4 0.5 0.6 0.7 o.s o.9 
55 0.98573 568 563 558 553 548 543 538 533 528 
56 523 518 513 508 503 498 493 488 483 478 
57 473 468 463 458 453 448 444 438 434 428 
58 424 419 414 409 404 399 394 389 384 379 
59 374 369 364 359 354 349 344 339 334 329 
60 0.98324 319 313 308 303 298 292 287 281 276 
61 0.98271 266 260 255 250 244 239 234 229 223 
62 218 213 207 202 197 192 186 181 176 170 
63 165 160 154 149 144 139 133 128 1·23 117 
64 112 107 101 096 091 086 080 075 070 064 
65 0.98058 053 048 042 037 031 026 020 014 009 
66 003 "998 "992 "987 "981 "976 "970 ''964 "959 "953 
67 o.s7948 942 937 931 926 920 914 909 903 898 
68 892 887 881 8?6 870 864 859 853 84S 842 




TABLE X - LATENT HEAT OF VAPORIZATION OF SATURATED STEAM 
vs. PRESSURE I :· 
As(2 ) Pressure A~ Pressure troa to trom to 
540.6 13.190 13.120 539-3 14.180 14.097 
540.5 13.260 13.191 539.2 14.266 14.181 
540.4 13.330 13.161 5)9.1 14.352 14.267 
540.3 13.399 13.331 539.0 14.438 14.353 
540.2 13.469 13.400 538.9 14.525 14.439 
540.1 13.539 13.470 538.8 14.o11 14.526 
540.0 13.608 13.540 538.7 14.697 14.612 
539.9 13.678 13.609 .538.6 14.786 14.698 
539.8 13.762 13.679 53S.5 14.tt74 14.787 
539-7 13.845 13.763 538.4 14.963 14.g74 
539.6 13.929 13.846 538.3 15.052 14.964 
539.5 14.013 13.930 538.2 . 15.140 15.053 
539.4 14.096 14.014 538.1 15.229 15.141 
1Pressure is psia. 
2Latent heat in cal./g. 
].98 
APPENDIX IV 
TABLE XI - CONDENSATE TEMPERATURE VS. AHw (TEMP. IN °C) 
Apparatlls I 
AHw o.oo o.o1 0.02 o.o3 o.o4 0.05 o.o6 0.07 o.og o.o9 
0.2 65.9 65.6 65.2 64.9 64.5 64.2 63.9 63.5 63.2 62.8 
0.3 62.5 62.2 61.9 61.6 61.3 61.0 60.6 60.3 60.0 59.7 
o.4 59.4 59.2 59.0 58.8 sg.6 58.4 58.1 57.9 57.7 57.5 
0.5 57.3 57.2 57.0 56.8 . 56.7 56.6 56.4 56.2 56.1 56.0 
o.6 55.8 55.5 55·3 55.1 54~8 54.6 54.~~ 54.2 54.0 53.8 
0.7 53.7 53.6 53.5 53·3 53.2 53.1 53.0 52.9 52.7 52.6 
0.8 52.5 52.4 52.4 . 52.3 52.2 52.2 52.1 52.0 51.·9 51.9 
0.9 51.8 51.7 51.7 51.6 ' 51.5 51.4 51.4 51.3 51.2 . 51.2 
1.0 51.1 51.1 51.1 51.0 51.0 51.0 51.0 51.0 50.9 50.9 
1.1 50.9 50.9 50.8 so.s so.s 50.8 50.7 50.7 50.7 50.6 
1.2 50.6 50.6 50.5 50.5 50.5 50.4 50.4 50.4 50.4 so.; 
1.3 50.3 50.3 50.3 so.; 50.3 50.~ . _, 50.2 50.2 50.2 50.2 . 
1.4 50.2 50.2 50.2 50.2 50.2 50.2 50.1 50.1 50.1 50.1 
TABLE XI - CONDENSATE TEMPERATURE VS. AHw (CONT 1D) 
AS., o.oo o.o1 
1.5 50.1 50.1 
1.6 50.0 50.0 
1.7 49.9 49.9 
1.8 49.8 49.8 
1.9 49.7 49.7 
2.0 49.7 49.7 
AHw o.oo o.o1 
0.3 53·3 53.2 
o.4 · 51.7 51.5 
0.5 50.0 . 49.9 
o.o2 o.o) o.o4 0.05 o.o6 
50.1 50.1 50.1 50.1 50.0 
50.0 50.0 50.0 50.0 49.9 
49.9 49.9 49.9 49.9 49.S 
49.8 49.8 49.8 49.7 49.7 
49.7 49.7 49.7 49.7 49.7 
49.7 49.7 49.7 49.7 49.7 
Apparattls II 




o.o4 0.05 o.o6 
.. 
52.7 52.6 52.4 
51.0 50.8 50.7 






























TABLE XI - CONDENSATE TEMPERATURE VS.- 6liw(CONT 1D) 
AH_, o.oo o.o1 o.o2 o.o3 o.o4 0.05 o.o6 o.o7 o.og 0.09 
o.6 48.9 4g.s 4S.7 4g.6 4g.5 4g.4 4S.2 4a.l 4s.o 47.9 
0.7 47.8 47.7 47.6 47.5 47.5 47.4 . 47.3 47.2 47.1 47.0 
o.g 4-7.0 46.9 46.8 46.7 46.6 46.5 46.4 46.4 46.3 46.2 
0.9 46.1 46.0 46.0 45.9 45.9 45.8 - 45.g 45.7 45.7 45.6 
1.0 45.5 45.5 45.4 45.4 45.3 45.3 4-5.2 45.2 45.1 45.1 
1.1 45.0 45.0 44.9 44.9 44.8 44.8 44.7 44.7 44.6 44.6 
1.2 44.6 44.5 44.5 44.4 11JA..4 44.3 44.3 . 44.2 44.2 44.1 
1.3 44.1 44.0 44.0 39.9 39.9 39.1.4 )9.8 )9.7 )9.7 39.6 
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TABLE XII - THEBMAL CONDUCTIVITY OF CONDENSATE (WATER) VS. FILM TEMPERATURE1 
Tt oc I 0 I 1 I 2 I 3 4 I 5 I 6 I 7 8 I 9 
45 0.09005 007 010 012 014 017 019 022 024 026 
46 029 031 033 036 038 040 043 045 047 050 
47 052 054 057 059 062 ·064 066 069 071 013 
48 076 078 081 083 085 ogg 090 092 095 097 
49 099 102 104 106 109 111 114 116 118 121 
50 0.09123 125 128 130 132 135 137 140 . 142 144 
51 147 149 151 154 156 158 161 163 165 168 
52 170 172 17'5 177 180 182 lg4 lg7 lg9 191 
53 194 196 198 201 203 206 208 210 213 215 
54 217 220 222 224 227 229 232 234 236 239 
55 0.09241 243 246 248 250 253 255 258 260 262 
56 265 267 269 272 . 274 276 279 281 283 286 
1 
Thermal conductivity in {cal.}(cm. )/(min) (OC) (cm2). 
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Tl I 0 I 1 I 2 I 3 I 4 I 5 I 6 I 7 I g I 9 
57 o.o92gg 290 293 295 29g )00 302 305 307 309 
5S 312 314 316 319 321 321+ 326 32g 331 333 
59 335 33S 340 342 345 347 350 352 354 357 
60 359 361 364 366 36g 371 373 376 37g 3SO 
61 3g3 3S5 387 390 392 394 397 399 401 404 
62 0.09406 4og 411 413 416 41S 420 423 425 427 
63 430 432 434 437 439 442 444 446 449 451 
64 453 456 45S 460 463 465 468 470 . 472 475 
65 477 479 4g2 4g4 .4S6 4S9 491 494 496 49g 
66 501 503 505 50S 510 512 515 517 519 522 
67 0.09524 526 529 531 5~ 536 53S 541 543 545 




TABLE XIII- VISCOSITY OF CONDENSATE (WATER) VS. FILM TEMPERATURE 1 
T °C 
'f o.o 0.1 0.2 0.3 o.4 0.5 o.6 0.7 o.g 0.9 
44 6.075 064 054- o44 033 022 012 002 "991 19Sl 
45 5.970 960 950 939 929 919 909 g99 ggg S78 
46 5.s6g g5g gq.g S39 g29 S19 S09 799 790 7go 
47 5·770 761 751 742 732 722 713 704 694 6S4 
~g 5.675 666 656 647 63g 62g 619 610 601 591 
49 5.5S2 573 564 555 546 537 52g 519 . 510 501 
50 5.492 4S3 475 466 451 44g 440 431 422 414 
51 5.405 396 3gg · 3SO 371 362 354 346 337 ·32g 
52 5.320 312 303 295 ·2s6 27S 270 261 253 244 
53 5.236 22S 219 211 203 194 1S6 17S 170 161 
54 5.153 145 137 129 121 112 lo4 096 ogg oso 
55 5.072 064 056 049 041 033 025 017 010 002 
56 4.994 9S6 979 971 964 956 . 94S 941 933 926 
1 Viscosity in mp. 
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T-F o.o 1 0.1 1 0.2 1 o. 3 j o.4 1 0.5 j o.6 r o. 7 1 o.s 1 0.9 
57 4.9lg 911 903 e96 ggg ggl g73 g66 g5g g51 
58 4.843 g36 g2g 821 gl4 806 799 792 785 777 
59 4.770 763 756 74~ 742 734 727 720 713 706 
60 4.699 692 6g5 67g 671 664 651 650 643 636 
61 4.629 622 615 609 602 595 5gg 5S1 575 56g 
62 4.561 554 54g 541 535 52g 521 515 sog 502 
63 4.495 489 4g2 476 lf-69 4-63 451 450 ·444 437 
64 4.4}1 425 418 412 406 4oo 393 3S7 }S1 374 
65 4.}68 362 356 349 3~3 337 331 325 318 312 
66 4.306 300 294 2gg 2g2 276 26.9 263 257 251 
67 4.245 239 233 227 221 216 210 . 204 19g 192 
6g 4.lg6 1go 174 169 163 157 151 145 140 134 
69 4.128 
APPENDIX IV 
TABLE XIV - Ft VS. AT RATIO 
%t ~ ~ Ft 
-from +o -fn>rr~ +o 
0.9917 1.oos 1.000 1.259 1.275 1.016 
1.009 1.025 1.001 1.276 1.291 1.017 
1•026 1.041 1.002 1.292 1.3og 1.018 
1.042 1.05g 1.003 1.309 .1.325 1.019 
1.059 1.075 1.004 1.326 1.341 1.020 
1.076 1.091 1.005 1.342 1.35g 1.021 
1.092 1.l.OS 1.006 1.359 1.375 1.022 
1.109 1.125 1.007 1.376 1.391 1.023 
1.126 1.141 1.oog 1.392 1.4og 1.024 
1.142 1.15S 1.009 1.409 1.425 1.025 
1.159 1.175 1.010 1.426 1.441 1.026 
1.176 1.191 1.011 1.11-42 1.45! 1.027 
1.192 1.2og 1.012 1.458 1.475 1.02S 
1.209 1.225 1.013 1.476 1.491 1.029 
1.226 1.241 1.014 1.492 1.5og 1.030 
1.242 1.25g 1.015 1.691 1.708 1.042 
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